
SECTION IT' 

CORROSIOE CONT3OL 

I t  has  been s e e n  t h a t  c o r r o s i o n  a r i s e s  from a v a r i e t y  of 

s o u r c e s  and t h a t  it can be  very  d e s t r u c t i v e .  I n  h iqh  resis-  

t i v i t y  s o i l s  c o r r o s i o n  may be  very  low, b u t  excep t ions  a r e  

known. 

v a r i e t y  of c o r r o s i o n  m i t i g a t i o n  t echn iques .  Prev ious  d i s -  

c u s s i o n  shows t h a t  c e r t a i n  obvious  m i s t a k e s ,  such a s  p l a c i n g  

d i s s i m i l a r  me ta l s  i n  c o n t a c t ,  must be avoided.  

a v a i l a b l e  f o r  c o r r o s i o n  c o n t r o l  are d i s c u s s e d  i n  t h i s  s e c t i o n .  

It i s  Frobably s a f e  t o  say  t h a t  no one method of c o r r o s i o n  

m i t i g a t i o n  answers a l l  problems.  

P i p e l i n e  o p e r a t o r s  a r e  making i n c r e a s i n g  use  of a 

S p e c i a l  methods 

O u t  of  3 7 3  o p e r a t i n g  companies 330 s a i d  thev  have a c o r r o s i o n  

c o n t r o l  program. 

.'.ected and a r e  on f i l e  a t  OPS-DOT. 

2 r c s e s s  of s e t t i n g  ap a c o r r o s i o n  c o n t r o l  program, w r i i l e  o t h e r s  

u s e  c o n s u l t a n t s .  The r ea sons  g iven  f o r  n o t  having a c o r r o s i o n  

c o n t r o l  program w e r e  t o  t h e  e f f e c t  t h a t  c o r r o s i o n  was n o t  of 

s u f f i c i e n t  magnitude t o  j u s t i f y  such a program. 

The d e s c r i p t i o n s  of t h e s e  programs were c o l -  

A few companies a r e  i n  t h e  

The number of o p e r a t i n g  companies t h a t  have sponsored o r  

engaged i n  c o r r o s i o n  c o n t r o l  research a r e  shown i n  Table  1 2 .  

1. M a t e r i a l  S e l e c t i o n  and Treatment 

Although no f e r r o u s  me ta l  i s  untouched by c o r r o s i o n ,  t h e  

e x t e n t  of c o r r o s i o n  i s  s i g n i f i c a n t l y  i n f l u e n c e d  by t h e  e x a c t  

composi t ion of t h e  meta l  and i t s  thermal  and mezhanical  t r e a t -  

ment. Tab les  13-18 summarize r e c e n t  r e s u l t s  on var'ous t r e a t -  

ments a l t e r i n c ;  r e s i s t a n c e  t o  c o r r o s i o n  of variouti  t ypes  Q €  
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TABLE 12 

MAJOR AREAS OF CORROSION RESEARCH ENGAGED IN OR SPOYSORED 
BY THE OPERATING COMPANIES 

Research Area Numbe r of Comp an i e s 

HVDC 45 
Coatings 4 2  

Corrosion resistance of piping and 
organic coatings in various environments 20 

Anode composition & groundbeds 
Stress corrosion 
Internal corrosion, inhibitors 
Cathodic protection 
Alternating current corrosion 
Field test methods 
Over-the-line surveys 
Stray currents 
Hydrogen embrittlement 
Pulse rectification 
De-icing salt effects 
Polarization 
Underground corrosion 
Bacterial corrosion 
Cathodic protection criteria 
Corrosion rate studies 
Lightning effects 

15 
13 
1 2  
7 
5 

5 

Sour gas corrosion 2 

Statistical analysis of leak frequency, pitting 2 

Telluric earth currents 
Casings at railroad crossings and roads 

2 

1 
Copper pipe 1 
Fiberglass pipe 1 
Insulated fittinqs 1 
Stainless steel tubing for gas distribution 1 
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m e t a l s .  A s  no t ed  p r e v i o u s l y ,  s u s c e p t i b i l i t y  t o  stress c o r r o s i o n  

c r a c k i n g ,  hydrogen embr i t t l emen t ,  s u l f i d e  c r a c k i n g ,  etc. ,  i n-  

c r e a s e s  as t h e  y i e l d  s t r e n g t h  of s tee l  i n c r e a s e s .  

Many a d d i t i v e s  improve c o r r o s i o n  r e s i s t a n c e  by i n c r e a s i n g  t h e  

tendency t o  form p a s s i v a t i n g  f i l m s .  Thus, chromium a d d i t i o n s  

( s t a i n l e s s  s tee l )  i n c r e a s e  r e s i s t a n c e  t o  m o s t  forms of c o r r o s i o n ,  . 
b u t  i n c r e a s e  s u s c e p t i b i l i t y  t o  r a p i d  i n t e r g r a n u l a r  c o r r o s i o n  

a r i s i n g  from c e r t a i n  h e a t i n g  c y c l e s  -- e s p e c i a l l y  d u r i n g  weld- 

i n g .  Other a d d i t i v e s  can  b e  used t o  avo id  t h e s e  problems. 

I t  has  been c la imed t h a t  cas t  i r o n  p i p e  has  a good r e c o r d  

f o r  r e s i s t a n c e  t o  underground c o r r o s i o n  by v i r t u e  of i t s  l a r g e  

w a l l  t h i c k n e s s  and t h e  g r a p h i t e  p a r t i c l e s  remaining t o  form a 

s o l i d  g r a p h i t e - r u s t  c o a t i n g  (788,  789, 1 4 2 ) .  These r e s i d u e s  

p lug  h o l e s  i n  p i p e  due t o  p i t t i n g  and p r e v e n t  l e akage  a t  sub- 

s t a n t i a l  h y d r o s t a t i c  p r e s s u r e s  (788) .  However, t h e  o l d  gray  

cast  i r o n  was b r i t t l e  and weak because  of t h e  f l a k y  morphology 

of t h e  g r a p h i t e .  Thus, f o r  example, cast  i r o n  g a s  mains w e r e  

prone t o  break i n  h igh  sh r ink- swe l l  c l a y s  and w e r e  r e p l a c e d  by 

s tee l  p i p e  ( 5 4 3 ) .  Also,  c a t a s t r o p h i c  mechanical  fai2.ure of  

g r a p h i t i z e d  cas t  i r o n  p i p e  has  been observed.  I n  d u c t i l e  cas t  

i r o n ,  s p e c i a l  h e a t  t r e a t m e n t s  a r e  used t o  produce n e a r l y  

s p h e r o i d a l  g r a p h i t e  p a r t i c l e s .  A c c o r d h g  t o  one manufac ture r ,  

t h e  r e s u l t  i s  a d u c t i l e  m e t a l  w i t h  t w i c e  t h e  i n i t i a l  s t r e n g t h ,  

less s t r e n g t h  loss upon p i t t i n g ,  and a s l i g h t l y  lower c o r r o s i o n  

rate  ( 1 4 2 ) .  I n  seawater, however, gra.y cast  i r o n  cor roded  t w i c e  

as f a s t  as mi ld  s tee l  and f i v e  t i m e s  as f a s t  as 1 8  p e r c e n t  K i  

cas t  Fe. 

76  



Equa t ion  11 g i v e s  p i t t i n g  r a t e  as a f u n c t i o n  of s e v e r a l  va r-  

i a b l e s .  The pa ramete r s  K and a i n  Equat ion 11 were determined 

e m p i r i c a l l y  from NBS d a t a  and are  g i v e n  i n  Tab le  1 9 .  From t h i s  

i t  would appear  t h a t  cast  i r o n  c o r r o d e s  more r a p i d l y  t h a n  s t e e l  

a 

f o r  l a r g e  exposed areas and slower f o r  s m a l l  areas. 

Cu a d d i t i o n s  have been found t o  p r a c t i c a l l y  s u p p r e s s  bac- 

t e r i a l  a c t i v i t y  ( 1 6 5 ) .  I n c l u s i o n s  o f  second phase  mater ia l  can  

o f t e n  accelerate c o r r o s i o n  by forming l o c a l  g a l v a n i c  c e l l s .  Sul-  
c 

f i d e  i n c l u s i o n s  i n  s t a i n l e s s  s t e e l  caused p i t  i n i t i a t i o n  ( 3 3 1 ) .  

Heat t r e a t m e n t  can  g r e a t l y  i n f l u e n c e  c o r r o s i o n  r e s i s t a n c e ,  

as i n d i c a t e d  i n  t h e  t a b l e s .  U n f o r t u n a t e l y ,  t h e  e f f e c t  of  weld- 

i n g  i s  g e n e r a l l y  d e l e t e r i o u s .  The k n i f e - l i n e  i n t e r g r a n u l a r  

c o r r o s i o n  i n  some s t a i n l e s s  s t ee l s  h a s  been mentioned p r e v i o u s l y .  

Hardness i s  o f t e n  i n c r e a s e d  a long  we lds ,  which i n c r e a s e s  crack-  

i n g .  Thus, h a r d  e l e c t r i c  r e s i s t a n c e  welds have cracked f o r  

hundreds of f e e t  i n  s u l f i d e  environments ( 3 3 8 ) ,  Post-weld h e a t  

t r e a t m e n t  has  proved b e n e f i c i a l  i n  p r e v e n t i n g  c r a c k i n g  ( 3 3 7 ) .  

Oxida t ion  d u r i n g  a n n e a l i n g ,  h e a t  t r e a t i n g ,  and welding prod.uced 

Cr- r ich  scale and Cr- deple ted  metal  s u r f a c e  on s t a i n l e s s  s t e e l  

( 5 3 6 ) .  Scale and a t h i n  l a y e r  o f  t h e  s u r f a c e  had t o  be  remove? 

t o  r e s t o r e  c o r r o s i o n  r e s i s t a n c e .  

I n  Tab le  6 it w a s  shown t h a t  l e a k s  have been observed much 
* 

more o f t e n  on l o n g i t u d i n a l  f a c t o r y  and f i e l d  welds t h a n  o n  

s p i r a l  f a c t o r y  welds .  

L,er.gthy t e s t s  a re  n e c e s s a r y  t o  de te rmine  t r u e  d i f f e r e n c e s  

i n  underground c o r r o s i o n .  The c o r r o s i o n  r a t e  of  cas t  i r o n s  

d e c r e a s e s  r a p i d l y  because  of t h e  g r a p h i t e- r u s t  c o a t i n g  fo rmat ion .  
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TABLE 13  

METAL TREATMENTS IMPROVING RESISTANCE TO GENERAL CORROSION 

A l l o y  Types Environment F a c t o r s  Improving R e s i s t a n c e  Ref. 

- -  Underground C r ,  Cu + N i  a d d i t i o n s  526 

Underground Gray cas t  i r o n  >>  s t ee l  and 282 
d u c t i l e  cast  i r o n  

a 
S t e e l s  Seawater ,  18% N i  cas t  i r o n  > mild  330 

S t e e l s  S p l a s h  and 0.5% N i ,  0 .5% C u ,  O.l2%P 784 .I 

S t e e l s  Marine 2 . 6  Cr-0.5 M o  1 0  X C s t e e l  784 
S t a i n l e s s  3 %  N a C l  C r  a d d i t i o n  >11% 4 7 3  

1 6  y e a r s  S t e e l  > g r e y  cas t  i r o n  

t i d a l  seawater 2X C s tee l  

18-8 A u s t e n i t i c  Seawater  -Mo a d d i t i o n s  -- 
18-8 > C r  f e r r i t i c  and 
mar t ens i t i c  s tee ls  

677  

S t e e l s  Atmosphere - A517 g r a d e  F > A 2 4 2  Type 1 784 
Marine > Cu steel  > C s teel  
H S i n  H 2 0  C r  a d d i t i o n s  

2 Low a l l o y  
s tee ls  

0 . 0 0 7  - O 2  f r e e ,  Avoid c o l d  work 
0 . 1 5 %  C 0 . 1 2  N H C 1  

787 

756 

0 f r e e ,  Don ' t  c o l e  work & a n n e a l  756 0 . 0 1  - 
Pure i r o n  Aera ted  0.12N Avoid i m p u r i t i e s ,  i n  o r d e r  of 280 

Fe-Cr-C a l l o y s  0 . 1 N  borax Decrease p e a r l i t e / f e r r i t e  327 

Pure  i r o n  1N H2S04 Annealing a t  9 0 0 ° C f  l h r .  783 

2 0 . 0 2 %  N 2  0 . 1 2  N H C 1  

H C 1  impor tance  P, S ,  C f  A s ,  N, B 

r a t i o ,  p r e v e n t  c e m e n t i t e  

vacuum, and i m p u r i t i e s  
Pure  Fe - -  S removal o r  Mn & Cu 

a d d i t i o n  
319 

430 S t a i n l e s s  - -  0 .1- 0 .5% U a d d i t i o n s  2 7 9  

S t a i n l e s s  
.. - -  Smooth s u r f  ace ra tb . e r  t h a n  536 

r0ug.h 
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TABLE 1 4  

METAL TREATMENTS IMPROVING mSISTANCE TO PITTING 
AND CREVICE CORROSION 

Alloy Types Environment F a c t o r s  Improving R e s i s t a n c e  Ref.  

C a s t  i r o n  Underground 15% N i  525 
C a s t  i r o n  Underground D u c t i l e  s l i g h t l y  b e t t e r  788  

Fe c r y s t a l  D i s t i l l e d  (111) *> ( 1 0 0 )  *> ( 1 1 0 )  * 4 9 2  

S t e e l s  S e awater N i  r e d u c t i o n s ,  330 

t h a n  g rey  

* water P u r i f i c a t i o n  

m i l d  s t ee l  > h i g h  s t r e n g t h  
s t ee l  

S t a i n l e s s  c1- N i  a d d i t i o n s  179 

S t a i n l e s s  Marine 316,316-6, 2 0 - C d ,  1 7  C r - 7 N i  254 
s teels  

s tee ls  -0 .7T i -0 .2  A 1  n o t  cor roded:  
405, 4 1 0 ,  430, 301, 304, p i t  

18-8 S t a i n l e s s  0.1N N a C 1 ,  R e  r e d u c t i o n s  7 7 2  

18-8 S t a i n l e s s  0.lN N a C 1 ,  R e  a d d i t i o n s  7 7 2  

S t a i n l e s s  - -  E l e c  t r o p a s s i v a t i o n  536 

Cr-Fe c1- C r  a d d i t i o n s ,  N i  had no 326 

Cr-Fe 0 . 1 N  N a C l  I n c r e a s i n g  C r  154 
15% Cr-Fe 0.1M N a C l  N i  a d d i t i o n s  154 
S t a i n l e s s  C1-  i n  d i l  316 > 321 > 302 > 304 487 

I r o n  + C r  c1- i n  IN C r  a d d i t i o n s  328 

487 S t a i n l e s s  Dil., H2S04 321 > 316 > 304 > 302 

Var ious  CaS04 o r  TK-2>3% N i  > J- 55 6 1 8 4  

ooc 

25OC 

(anod iz ing )  

e f f e c t  

s teels  H2S04 

H2S04 

s teels  

BaSO paske = N-80 
scal8 

Steels Atmospheric 0.3% Cu 165 

* ? 4 i l l e r  i n d i c e s  
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TABLE 1 5  

MEXAL TREATMENTS IMPROVING RESISTANCE TO STRESS 
CORROSION CRACKING 

Al loy  Type Environment F a c t o r  Improving Resis tance Ref.  

S t e e l s  C a  (NO3) 2+ T i  a d d i t i o n  of 4 X C 175 
NH 4"3 
l 0 O 0 C  A 

-- Decrease N increase C 3 0 1  
2 '  ( a t  cons tan t  s t r e n g t h )  

S t e e l s  

S t e e l s  -- U s e  h igh  p u r i t y  Fe ,  C r ,  N i  6 9 4  . 
4340 S t e e l  -- Addi t ions  of S i  > 1.5%, 530 

18-8 S t a i n -  MgCl s o l n . ,  F e r r i t i c  >> a u s t e n i t i c  2 7 2  

r e d u c t i o n s  of S & P 

less 154O8 
Annealed aus ten-  B o i l i n g  42% C & N i  a d d i t i o n s  

Cold-worked B o i l i n g  42% C & S i  a d d i t i o n s  
i t e  s t a in l e s s  !1gCl2 N 2  r e d u c t i o n s  

a u s t e n i t e  MgC12 P & Mo r e d u c t i o n s  
s t a i n l e s s  

321 

321  

-- -- P u r i t y ,  b r i t t l e  a l l o y s  6 9 1  

TABLE 1 6  

METAL TREATMENTS IMPROVING RESISTANCE 
TO HYDROGEN EFFECTS 

Alloy Type Environment F a c t o r  Improving Resis tance Ref. 

18-8 S t a i n-  D i l .  H,SO, + a u s t e n i t i c  > >  f e r r i t i c  2 7 2  
less L 4  

A s 2 0 3 .  

301 I 17-7 D i l .  H2S04 + annea led  > >  c o l d  reduced 2 7 2  

A s 2 0 3 .  

S t e e l s  Y i e l d  s t r e n g t h s  <130 ,00@ p s i r  587 
avo id  ha rd  w e l d s  
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TABLE 17 

bETAL TREATMENTS IMPROVING RESISTANCE TO SULFIDE 
STRESS CRACKING 

Alloy Type Factors Improving R e s i s t a n c e  R e f .  

Low a l l o y  steels T e m p e r  t o  e l i m i n a t e  m a r t e n s i t e  408 

Steels Low y i e l d  s t r e n g t h ,  A285 337 
immune, 365 very s u s c e p t i b l e  

- 

TABLE 1 8  

METAL TREATMENTS IMPROVING RESISTANCE 
TO INTERGRANULAR CORROSION 

A l l o y  T y p e  E n v i r o n m e n t  Factor Improving R e s i s t a n c e  R e f .  

S teel  - -  low N i ,  C ;  T i  a d d i t i o n  535 

O.l%C, 20%Cr, 
3-6% N i  

- -  0.4% TI ( s o m e t i m e s )  289 

A u s t e n i t e  304 B o i l i n g  HN03 S m a l l  a d d i t i o n s  of Cb+B 
s t a in le s s  

528 

304, 316 s t a i n-  - -  
less 

M o  a d d i t i o n  654 

TABLE 19 

VALUES OF MATERIAL PARAMETERS I N  EQUATION 11 FROM NBS 
UNDERGROUND T E S T  DATA (754) 

Parameters Wrought I r o n  Steel  C a s t  I r o n  - 
1. o c  1.06 1.40 K 

a 0.13 3.16 e.22 
2. 

.- . .- 
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Stee ls  w i th  3- 5  p e r c e n t  C r  i n  s eawa te r  had lower weigh t  l o s s e s  

fo r  two y e a r s ,  b u t  l a r g e r  losses a f t e r  f o u r  y e a r s .  

Even s u r f a c e  p r e p a r a t i o n  can i n f l u e n c e  c o r r o s i o n  r a t e s .  

Rough s u r f a c e s  were found t o  co r rode  fas ter  t h a n  smooth s u r-  

faces on s t a i n l e s s  s tee l  ( 5 3 6 ) .  Cold work d i d  n o t  change t h e  

c o r r o s i o n  r a t e  of pu re  i r o n  b u t  did. i n c r e a s e  t h e  c o r r o s i o n  r a t e  

when some C was p r e s e n t  ( 7 5 6 ) .  Annealing above 2 O O O C  dec reased  

t h e  r a t e ,  s u g g e s t i n g  t h a t  p l a s t i c  deformat ion  i n c r e a s e s  co r ro-  

s i o n  by producing compos i t iona l  inhomogene i t i es .  

S e l e c t i o n  of  a p a r t i c u l a r  a l l o y  depends n o t  on ly  on c o r r o s i o n  

r e s i s t a n c e  b u t  on mechanical  p r o p e r t i e s  and l a r g e l y  on economic 

c o n s i d e r a t i o n s ,  wh ich  i n c l u d e  c o s t  of the meta l  and f a b r i c a t i o n ,  

p r o t e c t i o n  n e c e s s a r y ,  r e q u i r e d  l i f e t i m e ,  maintenance and r e p a i r ,  

damage due to l e a k s ,  e t c .  

2. I n h i b i t o r s  

An i n h i b i t o r  i s  a chemical  wh ich  s i g n i f i c a n t l y  reduces  co r ro-  

s i o n  when p r e s e n t  i n  s m a l l  amounts. Gene ra l l y ,  there is a con- 

c e n t r a t i o n  below which t h e  i n h i b i t o r  accelerates c o r r o s i o n .  O n  

t h e  o t h e r  hand,  i t  i s  n o t  economical t o  u se  more i n h i b i t o r  t h a n  

r e q u i r e d .  

must be determined expe r imen ta l l y .  

coupons or  hydrogen probes  wh ich  c o n t r o l  au toma t i c  i n j e c t i o n  

equipment. 

Thus, there is an optimum c o n c e n t r a t i o n  r ange  -- which 

T h i s  can be accomplished by 

Inh ib i to rs  have proven t o  be c7 p r a c t i c a l  means of c o n t r o l l i n g  I 

i n t e r n a l  c o r r o s i o n  of  p i p e l i n e s  c a r r y i n g  pe t ro leum p roduc t s .  

a 1950  survey  of 8215 s o u r  c rude  w e l l s  i n  the mid- southwest,  4 4  

p e r c e n t  w e r e  found t o  be economical ly  affected by c 2 r r o s l o n  

I n  
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(6185) .  Of t h o s e  a f f e c t e d ,  26 p e r c e n t  were be ing  t r e a t e d  by 

c o r r o s i o n  i n h i b i t o r s .  I n  a 1953 survey  of 348  s w e e t  c rude  o i l  

wells i n  C a l i f o r n i a ,  it w a s  found t h a t  i n h i b i t o r s  caused an 80 

p e r c e n t  r e d u c t i o n  i n  i r o n  c o n t e n t  of  t h e  o i l  produced 

P u l l i n g  j o b s  were reduced 5 1  p e r c e n t ;  rod  j o b s ,  4 6  p e r c e n t ;  tub-  

i n g  jobs ,  7 1  p e r c e n t ;  and pump rep lacements ,  36 p e r c e n t .  In-  

h i b i t o r s  have been found t o  be  e f f e c t i v e  n o t  o n l y  f o r  c o n t r o l l i n g  

p i t t i n g  b u t  a l s o  f o r  r educ ing  s u l f i d e  c r a c k i n g ,  a l though  some 

c r a c k i n g  of we ld- suscep t ib l e  s t ee l  s t i l l  occu r r ed  ( 3 3 7 ) .  

(6183) .  

I 

Fi f ty- seven  of t h e  3 7 3  o p e r a t i n g  companies surveyed i n  

t h i s  s t udy  used i n h i b i t i o n  t o  c o n t r o l  i n t e r n a l  c o r r o s i o n .  

F i f t y - e i g h t  used dehydra t ion .  

A wide v a r i e t y  of chemicals  has  been found t o  i n h i b i t  co r ro-  

s i o n .  I n  1955, NACE commFttee T-3A pub l i shed  a r e f e r e n c e  l i s t  

of 6 8  i n h i b i t o r s  and c l a s s e s  of i n h i b i t o r s  ( 6 1 8 6 ) .  The com-  

p o s i t i o n  of many i n h i b i t o r s  i s ,  of cou r se ,  p r o p r i e t a r y  and/or 

secret. I n h i b i t o r s  may be d i v i d e d  i n t o  o r g a n i c  and i n o r g a n i c .  

I n  t h e  1953 C a l i f o r n i a  o i l  w e l l  s u rvey ,  6 5  p e r c e n t  w e r e  i n o r g a n i c  

and 35 p e r c e n t  o r g a n i c  (6183) .  

Apparen t ly ,  s e v e r a l  d i f f e r e n t  mechanisms can be  involved  i n  

i n h i b i t i o n .  S t r o n g l y  o x i d i z i n g  a d d i t i v e s ,  such a s  chromate,  can 

cause  fo rmat ion  of p a s s i v a t i n g  o x i d e  f i l m s .  Other  a d d i t i v e s  

merely a l t e r  t h e  c o r r o s i v i t y  of t h e  e l e c t r o l y t e  by changing pH 

or  by removing c o r r o s i v e  s o l u t e s .  The p o l a r  o r g a n i c  i n h i b i t o r 2  

a r e  g e n e r a l l y  thought  t o  a c t  by forming an adsorbed l a y e r  on t h e  

me ta l  s u r f a c e  t o  block r e a c t i c n s  t h e r e .  R a d i o t r a c e r s  showed 

t h a t  monolayers were formed and gave p r o t e c t i o n  ( 6 9 3 ) .  
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Obviously ,  b lockage of any s t e p  i n  t h e  c o r r o s i o n  sequence 

w i l l  be  e f f e c t i v e  and i s  probably  found i n  t h e  a c t i o n  of some 

i n h i b i t o r .  Thus, t h e  f u n c t i o n  of s t r o n g  o x i d i z i n g  a g e n t s ,  such 

a s  l e a d  s u b e r a t e  an6 l e a d  a z e l a t e ,  i s  t o  c o n v e r t  F e  2 +  t o  F e  3+ i n  

2 +  f i l m s  ( 3 6 ) .  Fe was thought  t o  h e  r e s p o n s i b l e  f o r  breakdown of 

t h e  f i l m s .  Amines were chemisorbed on F e  and i n h i b i t e d  c o r r o s i o n  

on ly  when t h e  s u r f a c e  was n o t  d ry  ( 2 2 6 ) .  The  amount o f  chromate 

A 

o r  n i t r i t e  r e q u i r e d  t o  i n h i b i t  c o r r o s i o n  w a s  found t o  i n c r e a s e  - 
a s  t h e  amount of c h l o r i d e  and s u l f a t e  i n c r e a s e d  ( 7 7 5 ) .  A com- 

p e t i t i v e  a d s o r p t i o n  mechanism between i n h i b i t i n g  i o n s  and aggres-  

s i v e  i o n s  was thought  t o  be  involved .  

The i n h i b i t i n g  a c t i o n  of n e u t r a l  benzoa te  was s i m i l a r l y  

a t t r i b u t e d  t o  r e d u c t i o n  i n  breakdown of t h e  f i l m  ( 2 2 0 ) .  I t  w a s  

hypothes ized  t h a t  hexamethyleneimine 3 ,  5- d in i t robenzoa t e  i n -  

h i b i t s  by d e p o l a r i z i n g  t h e  c a t h o d i c  r e a c t i o n ,  which changes t h e  

p o t e n t i a l  t o  t h e  p o s i t i v e  s i d e  and causes  p a s s i v a t i o n  ( 3 9 6 ) .  

Ammonium i o n  was found t o  be  an i n h i b i t o r  independent  of  pH, 

A c e r t a i n  amount of  c o r r o s i o n  H 2 S  and C1- c o n c e n t r a t i o n s  ( 7 0 6 ) .  

occu r r ed  b e f o r e  p r o t e c t i o n  was o b t a i n e d ,  even i f  samples were 

presoaked i n  t h e  i n h i b i t o r .  Th i s  s u g g e s t s  t h a t  i n h i b i t i o n  

r e s u l t s  from i n t e r a c t i o n  of NH4 

wi th  t h e  me ta l  s u r f a c e  i t s e l f .  

have been used i n  con junc t ion  t o  p rov ide  g rea . t e r  i n h i b i t i o n  -- a 

s y n e r g i s t i c  e f f e c t .  O f  s e v e r a l  s imp le  a n i o n s ,  I- w a s  observed 

+ wi th  f i l m  o r  s c a l e  and n o t  

Organic  and i n o r g a n i c  compounds 
c 

t 

t o  y i e l d  t h e  g r e a t e s t  improvement i n  c o r r o s i o n  m i t i g a t i o n  of 

o r g a n i c  amines. 

Only some of the b a s i c  expe r imen ta l  and t h e o r e t i c a l  r e s e a r c h  
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done on t h e  i n h i b i t i o n  mechanism i s  mentioned above. Reference 

690  g i v e s  a l eng thy  review of t h e s e  r e s u l t s .  One r e s e a r c h  g o a l  

i s  t o  enab le  molecu la r  d e s i g n i n g  of o r g a n i c  c o r r o s i o n  i n h i b i t o r s .  

I t  would appear  t h a t  d i s cove ry  and use  of i n h i b i t o r s  i s  s t i l l  

p r i m a r i l y  an  e m p i r i c a l  a r t ,  a l t hough  e v e n t u a l l y  r a t i o n a l  s c i e n-  

t i f i c  approaches  may b e  p o s s i b l e .  I n  o t h e r  words,  f u r t h e r  quan- 

t i t a t i v e  i n v e s t i g a t i o n  of i n h i b i t o r  e f f e c t i v e n e s s  and. i n h i b i t i o n  

procedures  i s  needed (Q126). 

3 .  Coat ings :  General  P r i n c i p l e s  and S u r f a c e  P r e p a r a t i o n  

An impor t an t  method of c o r r o s i o n  m i t i g a t i o n  i s  t h e  d e l i b e r a t e  

a p p l i c a t i o n  of a c o a t i n g  t o  e i t h e r  t h e  i n t e r i o r  o r  t h e  e x t e r i o r  

of t h e  p i p e .  I n t e r i o r  c o a t i n g  i s  g e n e r a l l y  conf ined  t o  re la-  

t i v e l y  s h o r t  l e n g t h s  of m e t a l ,  a s  ir. o i l  w e l l s ,  and t o  l a r g e  

d iameter  p i p e s .  Only 1 7  companies surveyed used i n t e r n a l  

c o a t i n g s .  Coa t ing  of t h e  e x t e r i o r  of t h e  p i p e  on t h e  o t h e r  

hand i s  very  widely  employed. 

one must t a k e  care t o  d i s t i n g u i s h  between t h e  i n t a c t  c o a t i n g s  

and degraded c o a t i n g s  which a r e  no longe r  p r o t e c t i v e .  I n  o t h e r  

words, i t  i s  n o t  s a f e  t o  assume t h a t  "once coa t ed  -- always 

coa t ed . "  A l l  c o a t i n g s  have f i n i t e  l i f e t i m e s ,  a l t hough  t h e s e  

may i n  some cases exceed t h e  u s e f u l  l i f e  of t h e  p i p e l i n e .  The 

p r e v a l e n t  c i rcumstances  under which coazed p i p e s  have developed 

l e a k s  w e r e  summarized i n  Table  5. T n e  q v a l i t y  o f  nonconduct ive  

c o a t i n g s  -an be conven ien t ly  judged e i t h e r  by t h e i r  average  

conductance o r  by w h a t  i s  e q u i v a l e n t ,  t h e  average  c u r r e n t  den- 

* 

I n  c o n s i d e r i n g  p i p e  c o a t i n g s  

s i t y  r e q u i r e d  f o r  c a t h o d i c  p r o t e c t i o n .  
"Coatings formed by t h e  z o r r o s i o n  p roces s  i t s e l f ,  such as t h e  
g r a p h i t e - r u s t  scale  formed on c a s t  i r o n s ,  a r e  excluded.  



Coat ings  reduce  c o r r o s i o n  by many d i f f e r e n t  mechanisms. A 

g iven  c o a t i n g  may f u n c t i o n  by more than  one mechanism, e i t h , e r  

s in iu l taneous ly  o r  s e q u e n t i a l l y  a t  d i f f e r e n t  s t a g e s  i n  i t s  l i f e .  

Metal  c o a t i n g s  may a c t  a s  s a c r i f i c i a l  anodes;  a s  b a r r i e r s  t o  

c o n t a c t  w i t h  t h e  e l e c t r o l y t e ;  a s  s o u r c e s  of a p a s s i v e  f i l m ;  by 

a l t e r n a t i o n  of t h e  su r round ing  environment;  and/or as a s o u r c e  

of i n h i b i t i n g  i o n s .  Nonmetal c o a t i n g s  may a c t  as b a r r i e r s  t o  

c o n t a c t  of wa te r  and e l e c t r o l y t e s  w i t h  t h e  s u r f a c e ,  a s  i n s u l a t o r s  

t o  f low of e l e c t r i c a l  c u r r e n t ,  and a s  sources  of i n h i b i t o r s  and 

b i o c i d e s .  The e f f e c t i v e  l i f e  of p r o t e c t i v e  c o a t i n g s  can b e  con- 

s i d e r a b l y  extended by q u a l i t y  c o n t r o l  of s u r f a c e  p r e p a r a t i o n ,  

c o a t i n g  s e l e c t i o n ,  and a p p l i c a t i o n  procedure  ( 8 2 ) .  

Many c l a ims  have been made as t o  t h e  s u p e r i o r i t y  of v a r i o u s  

c o a t i n g s .  I t  i s  t r u e  t h a t  some c o a t i n g s  have advantages ,  a l -  

though which c o a t i n g s  a r e  b e s t  depends 3n a v a r i e t y  of f a c t o r s  

i n c l u d i n g  economics, environment,  r e q u i r e d  l i f e t i m e ,  etc. N o  

one c o a t i n g  i s  best  under a l l  c o n d i t i o n s ,  and no c o a t i n g  i s  

a b s o l u t e l y  p e r f e c t  under any g iven  c o n d i t i o n  ( 6 8 2 ) .  The re fo re ,  

con t inued  r e s e a r c h  f o r  t h e  " p e r f e c t "  c o a t i n g  i s  worthwhile  

( Q l O 9 ,  Q436) .  Improvement i n  the e f f e c t i v e n e s s  and a p p l i c a t i o n  

( h o l i d a y  d e t e c t i n g ,  f i e l d  j o i n t s ,  bond ag ing ,  e tc . )  of t h i n  f i l m  

c o a t i n g s  i s  needed (Q274, Q256,  Q323, 4 8 1 2 ) .  Of e q u a l  importance . 
t o  t h e  t y p e  of c o a t i n g  i s  t h e  method cf a p p l i c a t i o n .  

c a t i o n  can n e g a t e  t h e  p r o t e c t i v e  q u a l i t i e s  and cou ld  conce ivably  

i n c r e a s e  c o r r o s i o n  by pr0vidir .g  s h i e l d e d  areas f o r  b a c t e r i a l  

a c t i o n ,  produce c o n c e n t r a t i o n  ce l l s ,  augment d e n s i t y  of d i s -  

cha rge  of i n t e r f e r e n c e  c u r r e n t ,  and reduce  e f f e c t i v e n e s s  of 

Poor a p p l i -  

. 
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c a t h o d i c  p r o t e c t i o n .  I n  f ac t  i n s t a n c e s  have been no ted  i n  which 

p i t t i n g  i s  more s e v e r e  w i t h  c o a t e d  t h a n  w i t h  uncoated m e t a l  (131,  

682 ) .  Tab le  5 shows t h a t  t h e  second m o s t  f r e q u e n t  c i rcumstance  

fo r  l e a k s  i n  c o a t e d  p i p e s  was improper ly  a p p l i e d  c o a t i n g s .  

(Damage of t h e  c o a t i n g  w a s  t h e  m o s t  f r e q u e n t  c i rcumstance . )  

The major t ypes  of p r o t e c t i v e  c o a t i n g s  used by t h e  companies 

Coal  t a r  ename-1 w a s  used by 205 surveyed are shown i n  Tab le  20.  

companies as f i r s t  cho ice .  F o r t y- e i g h t  of t h e s e  companies w e r e  

o i l  companies and 1 4 4  w e r e  ga s  companies. Aspha l t  was t h e  f i r s t  

c h o i c e  of 34 companies. 

companies. 

- 

Ten w e r e  o i l  companies and 1 9  w e r e  gas  

TABLE 20 

MAJOR TYPES OF PROTECTIVE COATINGS USED BY COMPANIES 
DURIYG THE LAST 5 YEARS BY ORDER O F  USE 

P r o t e c t i v e  Coa t ing  1st  2nd 3rd 4 th  5 th  6 t h  

( A )  Aspha l t  3 4  37 1 4  1 3 0 

( B )  Coal t a r  205 7 2  30 1 0 0 

( C )  Mas t ic  20 4 2  50 22  6 1 

( D )  P r e f a b r i c a t e d  f i l m  55 7 1  53 11 6 0 

(E)  Wax 3 11 13  i1 1 0 

( F )  O t h e r  49 70 2 4  13  0 0 

Table  2 1  l i s t s  t h e  major f a c t o r s  cons ide red  by t h e  surveyed 

companies i n  s e l e c t i n g  c o a t i n g  m a t e r i a l s  and wrappings.  
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TABLE 2 1  

FACTORS CONSIDERED I N  SELECTING COATING MATERIALS 
AND WRAPPINGS FOR SPECIFIC APPLICATION 

F a c t o r  Number of  Companies 

Exp e r i e n  ce 187  

R e s i s t a n c e  t o  D e t e r i o r a t i o n  1 6 4  

Economics 159 

Elec t r ica l  P r o p e r t i e s  154 

S o i l  S t r e s s  R e s i s t a n c e  135 

P e r m e a b i l i t y  9 2  

Temperature S t a b i l i t y  76  

Ease of A p p l i c a t i o n  54 

C o m p a t i b i l i t y  1 6  

Mechanical P r o p e r t i e s  1 2  

Geography and Geology 11 

Manufac tu re r ' s  S p e c i f i c a t i o n s  LO 

S t o r a g e  1 0  

S a f e t y  of Pe r sonne l  1 

The m a t e r i a l s  c u r r e n t l y  used by t h e  companies t o  coat  f i e l d  

P l a s t i c  t a p e s  j o i n t s  and appur tenances  are l i s t e d  i n  Table  22 ,  

i n  v a r i o u s  forms and modes of a p p l i c a t i o n  are by f a r  t h e  m o s t  

widely  used.  

The f i r s t  s t e p  i n  p roper  c o a t i n g  a p p l i c a t i o n  i s  s u r f a c e  

p r e p a r a t i o n ,  as thoroughly  reviewed i n  a NACE r e p o r t  C6171). 

For good c o a t i n g  adherence  a c l e a n  s u r f a q e  sliould be produced 

by removal of such  t h i n g s  as oil, q r e a s e ,  c5rt, welding f l u x ,  
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TABLE 2 2  

MATERIALS CURRENTLY USED TO COAT FIELD 
J O I N T S  AND APPURTENANCES 

Coa t ing  System N u m b e r  of  Companies 

Tapes;  p l a s t i c ,  rubber o r  bitumen 
m a d h e s i v e s ,  c o l d  o r  h o t  a p p l i e d  318 

Aspha l t  Mastic 111 

Bituminous Materials, h o t  a p p l i e d  
C o a l  t a r  
Aspha l t  

88 
65 

Bituminous Materials, c o l d  a p p l i e d  5 

Misce l laneous  Materials 
Cement Mortar 
EPOXY 
Glas s  t a p e  
Polyure thane  f o a m  
Sand 
Shee t  p l a s t i c  

3 
18 

6 
1 
1 

48 

s l a g ,  m i l l  scale, r u s t ,  etc.  For m o s t  c o a t i n g s  t h e  s u r f a c e  

should  be rough,  a s  measured by t h e  s u r f a c e  p r o f i l e  or  "anchor"  

p a t t e r n .  The r u l e  of thumb has  been t h a t  anchor dep th  ( b i t e )  

shou ld  n o t  exceed o n e- t h i r d  of t h e  t o t a l  t h i c k n e s s  of t h e  coa t-  

i n g  system. In s t rumen t s  have been dev i sed  t o  a s s e s s  t h e  s u r f a c e  

p r o f i l e  (791). Rough c o r n e r s  o r  bumps, as might  r e s u l t  from 

weld ing ,  should  b e  removed. 

S u r f a c e  t r e a t m e n t s  may be roughly d i v i d e d  i n t o  chemical  

and mechanical .  Grease and o i l  must g e n e r a l l y  be removed b e f o r e  

o t h e r  t r e a t m e n t s .  T h i s  may be accomplished w i t h  o r g a n i c  sol-  

v e n t s ,  a l k a l i n e  s o l u t i o n s ,  emuls ions ,  o r  hot wata r  p l u s  d e t e r -  

g e n t s .  Scale and r u s t  can  be removed by aci6 p i c k l i n g  and 
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e l e c t r o l y t i c  p i c k l i n g .  

o u s l y  by t r e a t m e n t  w i t h  s o l u t i o n s  of phosphor ic  acid and o r g a n i c  

s o l v e n t  o r  a l k a l i  phosphate  p l u s  d e t e r g e n t s .  Scale and heavy 

r u s t  can be popped o f f  by f lame c o n d i t i o n i n g  o r  i n d u c t i o n  h e a t -  

i n g .  Heat ing can  a lso be u s e f u l  f o r  removing hydrogen from t h e  

me ta l  i n t e r i o r .  

O i l  and s c a l e  may be removed s imul tane-  

Mechanical methods i n c l u d e  w i r e  b rush ing ,  impact  t o o l ,  

g r i n d i n g ,  b l a s t i n g  w i t h  a b r a s i v e ,  and wheel  b l a s t i n g .  These 

o p e r a t i o n s  may be e i t h e r  carried o u t  by hand o r  by equipment of 

v a r i o u s  deg rees  of automat ion.  B l a s t i n g  has been judged by 

appearance  acco rd ing  t o  t h e  Swedish s t a n d a r d s ,  w i t h  a "whi te"  

s u r f a c e  t h e  b e s t  ( 7 3 1 ) .  Normally, it has n o t  been cons ide red  

economical o r  neces sa ry  t o  go t o  a w h i t e  s u r f a c e .  

Weathering o r  t r e a t m e n t  w i th  phosphor ic  a c i d  mix tures  i s  

r e q u i r e d  f o r  c o a t i n g s  t o  adhere t o  ga lvan ized  s teel .  A c e t i c  

and hyd roch lo r i c  acids have n o t  been recommended. 

A p p l i c a t i o n  of pr imer  should  f o l i o w  s u r f a c e  c l e a n i n g  as 

soon as p o s s i b l e ,  b e f o r e  o x i d a t i o n  and contamina t ion  occur .  

I f  it i s  n o t  p o s s i b l e  t o  prime immediately t h e n  several pre-  

t r e a t m e n t s  are a v a i l a b l e .  Vinyl  m e t a l  c o n d i t i o n e r ,  o r  wash 

p r imer ,  c o n s i s t s  of a res in- chromate- phosphate  mix tu re  pro-  

v i d i n g  s e a l i n g  and i n h i b i t i n g  a c t i o n .  O i l s  of  v a r i o u s  t y p e s  

can  a lso be employed. 

R e d  l e a d  p a i n t  has  been found t o  be a n  e f f e c t i v e  pr imer  i n  

many i n s t a n c e s .  C a s t  i r o n  and s tee l  samples w i th  a s i n g l e  c o a t  

of red l e d  p a i n t  s u f f e r e d  p r a c t i c a i l y  RO c o r r o s i o n  under f i e l d  

c o n d i t i o n s  f o r  one y e a r  in tests  co;?ducted i n  I n d i a  ( 6 3 9 ) .  A 

. 
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10- year underground t e s t  showed t h a t  z i n c  chromate and baked-on 

r e d  l e a d  p r imer s  adhered w e l l  and r e t a r d e d  c o r r o s i o n ,  b u t  t h a t  

t hey  prov ided  i n s u f f i c i e n t  p r o t e c t i o n  when used a l o n e  ( 6 8 2 ) .  I n  

t h e  a tmosphere ,  t h r e e  coats Of r ed- lead  pr imer  showed no s i g n s  

of r u s t i n g  a f t e r  f i v e  y e a r s  i n  a South A f r i c a n  t e s t  program ( 8 3 ) .  

.. Zinc chromate-epoxy r e s i n  p r imers  gave s imi la r  r e s u l t s  and w e r e  

p r e f e r r e d  f o r  marine environments.  Lead s i l i co -ch roma te  was 

a l s o  good b u t  k e p t  b e t t e r  i n  prolonged s t o r a g e .  I t  was c la imed 

t h a t  t h e  p a s s i v a t i n g  a c t i o n  of p r imer s  can be  determined by 

measuring t h e  p o t e n t i a l  of  t h e  m e t a l  ( 2 8 3 ) .  

Organic  c o a t i n g s  are commonly used f o r  p i p e l i n e s .  Except 

f o r  s a c r i f i c i a l  anode c o a t i n g s  such a s  z i n c ,  it i s  impor t an t  t o  

minimize t h e  number of  h o l e s  or  "ho l idays"  i n  t h e  c o a t i n g .  Water 

and e l e c t r o l y t e  can r each  t h e  me ta l  s u r f a c e  through h o l i d a y s  and 

cause  r u s t i n g .  This  r e s u l t s  i n  p e e l i n g  and. b l i s t e r i n g  of t h e  

c o a t i n g ,  g r e a t l y  reduc ing  i t s  e f f e c t i v e n e s s .  Gene ra l ly ,  t h e  

ho l iday  problem d imin i shes  a s  t h e  number of c o a t s  and t h e  t o t a l  

c o a t i n g  t h i c k n e s s  i n c r e a s e .  A t o t a l  of  263 of t h e  companies 

surveyed used ho l iday  d e t e c t o r s  t o  check t h e  e f f e c t i v e n e s s  o f  

c o a t i n g s  a p p l i e d  t o  f i e l d  j o i n t s ,  main l i n e  v a l v e s ,  f l a n g e s ,  

and t a p s .  

4 .  P a i n t s  

P a i n t s  c o n s i s t  o f  f i n e l y  d i v i d e d  i n o r g a n i c  pigments and 

o r g a n i c  b i n d e r s  of v a r i o u s  t ypes .  They may be  a p p l i e d  by 

b r u s h ,  r o l l e r ,  s p r a y ,  d ipp ing ,  e l e c t r o s t a t i c  s p r a y ,  etc. 

Apparen t ly ,  p a i n t s  have seldom been used f o r  underground 

p i p e l i n e s , . a l t h o u g h  they  3ave a lmos t  always been employed f o r  
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aboveground p o r t i o n s  and o f t e n  on marine p i p e l i n e s .  

The pigments i n  rus t- proof  p a i n t s  are  n o t  selected f o r  t h e  

sake of  appearance b u t  f o r  e f f e c t i v e n e s s  i n  t h e  c o n t r o l  of corro- 

s i o n .  Zn, A l ,  o r  Mn d u s t s  have s o m e t i m e s  been used and a c t  as 

s a c r i f i c i a l  anodes ( 2 4 6 ,  1 4 4 ) .  Other  pigments s e r v e  as i n-  

h i b i t o r s  or  form p r o t e c t i v e  f i l m s  by r e a c t i n g  wi th  t h e  s u r-  

rounding  and/or c o r r o s i o n  p roduc t s  t o  y i e l d  new compounds. R e d  

l e a d ,  z i n c  chromate ,  z i n c  s i l i ca t e ,  z i n c  ox ide ,  and phdsphates  

have a l l  found f avo r .  

The s t a b i l i t y ,  f l e x i b i l i t y ,  adhes ivenes s ,  and p e r m e a b i l i t y  

of t h e  o r g a n i c  c o n s t i t u e n t s  a r e  e q u a l l y  impor t an t .  I n  a 14-year 

s t u d y  of p a i n t s  i n  potable- water  t a n k s ,  v i n y l s  w e r e  found t o  

perform bet ter  than  p h e n o l i c s  ( 1 6 6 ) .  Thermose t t ing  a c r y l i c s  

have been found t o  adhere  bet ter  t h a n  melamine a lkyds .  Mul t i-  

l a y e r  c o a t i n g s  have o f t e n  been favored .  Another s tudy  con- 

c luded  t h a t  0 . 2  nun Zn- rich p a i n t  covered w i t h  0 . 1 5  mm of  b i tumin-  

ous c o a t i n g  w a s  best f o r  water- immersed s t r u c t u r a l  s teel  ( 2 5 6 ) .  

When a c o a t i n g  i s  s u b j e c t e d  t o  d a i l y  t empera ture  f l u c t u a-  

t i o n s ,  it  must ma in t a in  i t s  f l e x i b i l i t y  under t h e  t he rma l  

stresses gene ra t ed .  

g e n e r a l l y  accep ted  s p e c i f i c e t i o n s  have been found t o  l o s e  much 

of t h e i r  o r i g i n a l  bond under d a i l y  t empera tu re  f l u c t u a t i o n s .  

The same s tudy  found s y n t h e t i c  primed c o a t i n g s  t o  have c lear  

adhes ion  s u p e r i o r i t y  ove r  coal t a r  primed c o a t i n g s  ( 7 2 2 ) .  

Some coa t ing- pr imer  combinat ions  meet ing 

B e s t  p r o t e c t i o n  a g a i n s t  s e a  a i r  h a s  been r e p o r t e d  o b t a i n e d  

w i t h  p u r e  z inc- dus t  p a i n t  and a s y p t h e t i c  impermeable and 

mechanica l ly  h a r d  b i n d e r  ( 2 4 6 ) .  Marine p a i n t s  q u i t e  o f t e n  
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c o n t a i n  b i o c i d a l  a g e n t s  and a r e  known a s  " a n t i f o u l i n g . "  Toxic  

mercury and copper p a i n t s  have been found t o  r e t a r d  f o u l i n g  f o r  

t w o  t o  t h r e e  y e a r s .  I n  t h e  u s e  of copper based p a i n t s ,  it i s  

a b s o l u t e l y  e s s e n t i a l  t h a t  t h e  unde rcoa t ing  be  h o l i d a y- f r e e .  

This  i s  because  copper s a l t s  can d i sp l acemen t- p la t e  copper  metal 

o n t o  s tee l  and cause  r a p i d  g a l v a n i c  c o r r o s i o n  ( 2 5 4 ) .  

5. Metal  Coa t ings  

Metal c o a t i n g s  can be  a p p l i e d  by v a r i o u s  methods i n c l u d i n g  

h o t  d ipp ing ,  e l e c t r o p l a t i n g ,  flame s p r a y i n g ,  and vacuum evapo- 

r a t i o n ,  as reviewed,  f o r  example, i n  Reference 546. Heat ing 

a f t e r  c o a t i n g  t o  p e r m i t  some d i f f u s i o n  i n t o  t h e  i r o n  g e n e r a l l y  

improves adhes ion .  Metal c o a t i n g s  can be d i v i d e d  i n t o  t w o  

c a t e g o r i e s  - anod ic  and c a t h o d i c  -- accord ing  t o  t h e i r  p o s i t i o n  

i n  t h e  g a l v a n i c  series r e l a t i v e  t o  s tee l .  A l l  meta l  c o a t i n g s  

p r o t e c t  s t ee l  by denying acces s  o f  water,  oxygen, and e l e c t r o -  

l y t e s  t o  t h e  s tee l  s u r f a c e .  The anodic  c o a t i n g s ,  i n  a d d i t i o n ,  

a c t  as a s a c r i f i c i a l  anode, d i s s o l v i n g  p r e f e r e n t i a l l y  i n  p l a c e  

of t h e  s teel .  The o x i d a t i o n / c o r r o s i o n  p roduc t s  of t h e  c o a t i n g  

may a l s o  p l a y  an  impor t an t  r o l e  i n  p r o t e c t i o n .  

The o l d e s t  o f  t h e  anodic  c o a t i n g s  i s  z i n c ,  o r  " g a l v a n i z i n g . "  

Two ounces p e r  squa re  f o o t  of  z i n c  was found t o  p r o t e c t  s t e e l  

f o r  10-15 y e a r s  i n  t h e  most c o r r o s i v e  s o i l  t e s t e d  ( 6 0 3 ) .  The 

c o r r o s i o n  r a t e  of  Zn i n  d i f f e r e n t  atmospheres can vary  f r o m  

0 . 0 1  t o  2 . 9  mpy ( 6 7 9 ) .  H e a t  t r e a t m e n t  a t  500°C f o r  10- 15  minutes  

i n c r e a s e d  t h e  c o r r o s i o n  r e s i s t a n c e  and p l a s t i c i t y  o f  a Zn c o a t i n g  

( 2 0 1 ) .  P r o t e c t i o n  of Zn by p a i n t  i s  recommended f o r  marine envi-  

ronments ( 1 5 6 ) .  
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A more recent and promising anodic coating material is 

aluminum. In a refinery atmosphere a Zn coating was removed 

comjjletely in three years while ten years was required to renove 

94 percent of an equivalent A 1  coating ( 5 4 6 ) .  Aluminum coatings 

lasted almost five tines as long as Zn in industrial atmospheres 

(679). A marine atmosphere attacked both slightly ( 5 4 6 ) .  Alu- 

minum coatings 0.25 to 0.375 mm thick were recommended for buried 

conditions (497). In fresh water the attack of A 1  decreased 
.r 

parabolically with time, indicating buildup of a passivating. 

aluminum oxide film. Advantages of both A 1  and Zn were obtained 

by vapor-depositing A 1  over galvanized steel (219). 

The more noble cathodic coatings often stand up to degrada- 

tion of themselves better than the anodic coatings. Chromized 

steel was found to be more resistant to seawater than aluminized 

and galvanized steel (499). However, any discontinuities in the 

coating lead to rapid localized attack of the exposed steel due 

to galvanic action. Thus thick, dense coatings are essential. 

Chromium platings below 8 microns thickness had poor corrosion 

resistance while those above 18 microns thick were considerably 

better ( 6 8 0 ) .  

Anodic and cathodic coatings have occasionally been com- 

pared. Zinc coatings were found to perform better than Cd in 

atmospheres rich in SO2 ( 2 2 2 ) .  Effectiveness in reducing stress 
. 

corrosion cracking of 3 0 2  austenitic stainless in boiling 4 2  

percent MgC12 was in order Nit Cu, Al, Zn, Pb ( 4 7 7 ) .  

6. Organic Coatings 

Organic coatings may be classified in many ways: by their 
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method o f  ha rden ing ,  by compos i t ion ,  by t h i c k n e s s ,  by p r o p e r t i e s ,  

e tc .  Organics  such as c o a l  t a r  enamel, a s p h a l t ,  and po lye thy l ene  

are  t h e r m o p l a s t i c  -- t hey  s o f t e n  and f low when h e a t e d  and harden 

when cooled.  These are o f t e n  a p p l i e d  h o t .  Others  a r e  thermo- 

s e t t i n g  -- t h e y  harden i r r e v e r s i b l y  by chemical  r e a c t i o n  when 

hea t ed .  Some harden a t  room t empera tu re  by chemical  r e a c t i o n  

w h i l e  o t h e r s  harden by s o l v e n t  evapora t ion .  I n  a 1 9 6 2  survey  

by t h e  American S o c i e t y  of C i v i l  Engineers  about  h a l f  of 178  

f i r m s  w e r e  n o t  s a t i s f i e d  w i t h  t h e  c o a t i n g s  they  w e r e  u s i n g  and 

w e r e  s e e k i n g  b e t t e r  means of c o n t r o l l i n g  c o r r o s i o n  ( 7 7 ) .  

A p p l i c a t i o n  t echn iques  i n c l u d e  p a i n t i n g ,  pou r ing ,  s p r a y i n g ,  

f lame s p r a y i n g ,  e l e c t r o s t a t i c  s p r a y i n g ,  f l u i d i z e d  bed c o a t i n g ,  

d i s p e r s i o n  c o a t i n g ,  f l o c k ,  and s o l u t i o n  c o a t i n g .  Machines e x i s t  

f o r  c o a t i n g  l a r g e  p i p e l i n e s  f a i r l y  a u t o m a t i c a l l y .  S t r eng then ing  

a g e n t s  such as f i b e r g l a s s ,  c l o t h ,  a s b e s t o s ,  j u t e ,  pape r ,  e tc . ,  

are f r e q u e n t l y  added t o  o r g a n i c  c o a t i n g s  -- o f t e n  by a l t e r n a t e  

wrapping and coa t ing .  

Organic  c o a t i n g s  f u n c t i o n  p r i m a r i l y  by exc lud ing  wa te r  and 

e l e c t r o l y t e s  from c o n t a c t  w i t h  t h e  p ipe .  They a l s o  res is t  t h e  

f low of e l e c t r i c i t y  and t h e  pas sage  of oxygen and o t h e r  gases .  

A s e r i o u s  problem w i t h  o r g a n i c  c o a t i n g s  i s  a t t a c k  of t h e  

c o a t i n g s  by micro- organisms.  Organics  a r e  food f o r  many micro-  

organisms and t h e  neces sa ry  oxygen and wa te r  f o r  metabolism are  

p r e s e n t  i n  m o s t  p i p e  t r e n c h e s .  Large p o p u l a t i o n s  of b a c t e r i a  

w e r e  found a d j a c e n t  t o  a l l  p i p e l i n e s  i n v e s t i g a t e d  i n  one s tudy  

( 5 0 2 5 ) .  Aspha l t s  and p l a s t i c .  t a p e  w e r e  found a t t a c k e d  and d i s -  

bonded ( 5 0 0 0 ) .  Another s txdy .  i n v e s t i g a t e d  t h e  r e s i s t a n c e  of 
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s e v e r a l  t y p e s  of c o a t i n g s  t o  ocean ic  b a c t e r i a l  a t t a c k  and found 

t h a t  t h e  ra te  of  a t tack f o r  a l l  c o a t i n g s  w a s  so l o w  t h a t  h a l f -  

i n c h  t h i c k  c o a t i n g  w a s  expec ted  t o  p r o t e c t  a p i p e l i n e  f o r  many 

y e a r s  ( 4 7 1 ) .  Evidence of b a c t e r i a l  a t t a c k  of p o l y v i n y l  c h l o r i d e  

l i n i n g  of  sewer p i p e  has  been found ( 7 8 0 ) .  I n c l u s i o n  of bio- 

c i d a l  chemicals  such as a r s e n i c  o x i d e  i n  c o a t i n g s  t o  p r e v e n t  

b i o l o g i c a l  d e t e r i o r a t i o n  has  been sugges t ed  b u t  has  n o t  been 

adequa te ly  tested.  

n a t u r a l  r e s i s t a n c e .  Also impor t an t  i n  o r g a n i c  c o a t i n g s  i s  t h e i r  

r e s i s t a n c e  t o  water and e l e c t r o l y t e  a b s o r p t i o n ,  s o i l  s tress,  and 

f l o w  under d e p r e s s i o n  f o r c e s  ( e . g . ,  rocks ) .  T h e i r  adhes ive  

s t r e n g t h  t o  t h e  p i p e  should  be about  t h e  same a s  t h e  t e n s i l e  

s t r e n g t h  of t h e  c o a t i n g .  

Some o r g a n i c  c o a t i n g s  appear  t o  have some 

Bituminous c o a t i n g s  have a l ong  h i s t o r y  of u s e  i n  p r o t e c t i n g  

underground s t r u c t u r e s .  These i n c l u d e  n a t i v e  a s p h a l t s ,  o i l s ,  

and r e s i n s  of bo th  animal and v e g e t a b l e  o r i g i n ;  p roduc t s  d e r i v e d  

f r o m  t h e s e ;  r e f i n e d  and chemica l ly  t reated petroleum a s p h a l t s  

and c o a l  t a r  p roduc t s ;  and p i t c h e s  and r e s i d u e s  from t r e a t m e n t  

and p r o c e s s i n g  of r e s i n s  and o i l s .  

C o a l  t a r  enamel has  shown good r e s i s t a n c e  t o  water permeat ion 

and t o  f l o w  of  e l e c t r i c a l  c u r r e n t .  I t  adheres  and resists abra- 

s i o n  w e l l .  However, a t  t empera tures  below 40°F i t  loses i t s  

d u c t i l i t y  and c r a c k s  e a s i l y  ( 7 0 3 ) .  Dock g a t e s  a t  the  Panama 

Cane1 w e r e  c o a t e d  w i t h  h o t  c o a l  t a r  p i t c h  up t o  3/16  i n c h  t h i c k  

and found t o  be i n  f i r s t - c l a s s  c o n d i t i o n  a f t e r  20 y e a r s  ( 5 0 1 ) .  

Apparen t ly ,  n o t  a l l  c o a t i n g s  must be t i g h t l y  adhe ren t .  Good 

r e s u l t s  are claimed f o r  loose p o l y e t h y l e n e  s l e e v i n g  over  cas t  
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i r o n  p i p e  ( 7 8 9 ,  788, 572, 7 9 0 ) .  Although n o t  s t a t e d ,  one sus-  

p e c t s  t h a t  care must be  t aken  t o  exc lude  m o i s t u r e ,  o t h e r w i s e  

b a c t e r i a  cou ld  f l o u r i s h .  Po lye thy l ene  and p o l y v i n y l c h l o r i d e  

t a p e s  have been developed f o r  wrapping p i p e l i n e s  ( 7 2 6 ) .  P i p e  

i s  a l so  c o a t e d  i n  t h e  m i l l ,  w i t h  750 m i l l i o n  f e e t  o f  p l a s t i c  

c o a t e d  p i p e  produced from 1957 t o  1 9 6 6  ( 5 5 6 ) .  J o i n t  p r o t e c t i o n  

i n  t h e  f i e l d  t h e n  becomes c r i t i c a l .  Mel t ing  on of powdered 

- p o l y e t h y l e n e  under h igh  p r e s s u r e  produced a c o a t i n g  so resis- 

t a n t  t o  a b r a s i o n  t h a t  p i p e  could  be  f o r c e d  th rough  r o a d s ,  d i k e s ,  

and s o i l  embankments w i t h o u t  damage ( 5 6 6 ) .  

Many tes ts  have been dev i sed  t o  judge  t h e  q u a l i t y  o f  an  

o r g a n i c  c o a t i n g .  For example, adhes ion  can be  t e s t e d  by re- 

s i s t a n c e  t o  d i sbonding  by c a t h o d i c  p r o t e c t i o n  c u r r e n t s  ( 5 5 7 ) .  

Measurement of e lec t r ica l  conductance has  been sugges t ed  as a 

method f o r  de te rmin ing  t h e  i n s e r v i c e  c o n d i t i o n  of c o a t i n g s  ( 4 8 ) .  

E l e c t r i c a l  r e s i s t a n c e  and c a p a c i t a n c e  measurements have a l so  

been proposed f o r  moni to r ing  c o a t i n g  performance ( 7 4 7 ) .  

7. C e r a m i c  and Concrete  Coa t ings  

Fused c o a t i n g s  a r e  nonporous,  nonconduct ing,  and n o n r e a c t i v e .  

They a r e ,  u n f o r t u n a t e l y ,  b r i t t l e .  G la s s- l ined  s tee l  has  been 

used i n  very  c o r r o s i v e  chemical  environments ( 1 6 3 ) .  V i t r eous  

enamel coa t ed  thermal  p i p e l i n e s  have been very  s u c c e s s f u l  i n  

t h e  S o v i e t  Union ( 1 9 5 ) .  These c o a t i n g s  w e r e  r e p o r t e d  t o  be  

p r a c t i c a l l y  wear- f ree  and t h e  most long  l a s t i n g  and r e l i a b l e  

p r o t e c t i o n  f o r  t h e r m a l  networks.  
L 

Concre te  has  been shown t o  be p o t e n t i a l l y  u s e f u l  f o r  co r ro-  

s i o n  c o n t r o l .  W e t  P o r t l a n d  cement  h a s  a pH of about  1 2 . 4 ,  
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normal ly  caus ing  p a s s i v a t i o n  of s t ee l  ( 1 6 5 ,  7 9 2 ) .  I n i t i a t i o n  

o f  c o r r o s i o n  r e q u i r e s  f r e e  oxygen a t  t h e  s t ee l  s u r f a c e s  and a 

r a t i o  of  c h l o r i d e  t o  hydroxyl  i o n  a c t i v i t y  o f  a t  l eas t  0 . 6  ( 1 7 2 ) .  

Ch lo r ide  i o n s  i n  t h e  mixing w a t e r  are e f f e c t i v e  i n  d e s t r o y i n g  

p a s s i v a t i o n ,  o n l y  1 p e r c e n t  be ing  r e q u i r e d .  Adding i n h i b i t o r s  

such as n i t r i t e ,  chromate,  and phosphate  t o  t h e  mixing w a t e r  

was found t o  be  b e n e f i c i a l  ( 3 1 2 ) .  S a l t  can d i f f u s e  i n  through 

c o n c r e t e  b u t  i s  h inde red  by h igh  q u a l i t y ,  l o w  p e r m e a b i l i t y ,  
.. 

l o w  water- cement r a t i o  c o n c r e t e  ( 2 8 1 ) .  With good c o n c r e t e ,  

d i f f i c u l t y  i s  encounte red  on ly  i f  t h e  N a C l  c o n c e n t r a t i o n  exceeds  

about  4 p e r c e n t .  

Stress c o r r o s i o n  can occu r  i n  p r e s t r e s s e d  c o n c r e t e  ( 1 6 5 ) .  

S t r a y  c u r r e n t  f low i n  c o n c r e t e  coa t ed  s teel  can lower t h e  pH 

where c u r r e n t  l e a v e s  t h e  s tee l  and e v e n t u a l l y  cause  c o r r o s i o n .  

Galvanized s tee l  l a s t s  b e t t e r  t h a n  b lack  s teel .  When c o r r o s i o n  

of s tee l  i n  c o n c r e t e  does occu r ,  t h e  c o r r o s i o n  p roduc t s  can 

expand wi th  enough f o r c e  t o  c r ack  t h e  c o n c r e t e .  Usua l ly ,  how- 

ever, c o r r o s i o n  occu r s  on ly  where t h e  c o n c r e t e  i s  f i r s t  cracked.  

Calcium c a r b o n a t e  c o a t i n g s  may be  p r e c i p i t a t e d  by a p p l i c a-  

t i o n  of c a t h o d i c  p r o t e c t i o n  when t h e  b a c k f i l l  has  been t r e a t e d  

w i t h  calcium b ica rbona te .  This  p r o c e s s  reduced t h e  c a t h o d i c  

p r o t e c t i o n  c u r r e n t  by 80 p e r c e n t  i n  a 6-month t r i a l  ( 1 3 1 ) .  

8.  Anodic and Cathodic  P r o t e c t i o n  

The d i s s o l u t i o n  r a te  of  i r o n  depends on p o t e n t i a l ,  as  

i l l u s t r a t e d  by F i g u r e  1. With no e x t e r n a l  c u r r e n t  supply  

a t t a c h e d ,  t h e  m e t a l  p o t e n t i a l  becomes t h e  c o r r o s i o n  p o t e n t i a l  

a t  which anodic  and c a t h o d i c  r e a c t i o n  r a t e s  are equa l .  One can 

. 
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see from F i g u r e  1, however, t h a t  t h e  anodic  r e a c t i o n  ra te  can be 

dec reased  e i t h e r  by lowering t h e  p o t e n t i a l  or  by i n c r e a s i n g  t h e  

p o t e n t i a l  i n t o  t h e  p a s s i v e  r eg ion .  

p o t e n t i a l  i n  t h e  m o r e  nob le  d i r e c t i o n  by an e x t e r n a l  power s o u r c e  

i s  c a l l e d  anod ic  p r o t e c t i o n .  I t  i s  p a r t i c u l a r l y  u s e f u l  f o r  ve ry  

c o r r o s i v e  environments.  The c u r r e n t  drawn i s  ve ry  n e a r l y  e q u a l  

t o  t h e  c o r r o s i o n  c u r r e n t .  Unfo r tuna t e ly ,  t h e  p o t e n t i a l  must be 

The method of  s h i f t i n g  t h e  

c o n t r o l l e d  so t h a t  it l i e s  i n  t h e  p a s s i v e  r eg ion .  P o t e n t i a l  

e x c u r s i o n s  o u t s i d e  t h e  p a s s i v e  r e g i o n  can cause  d r a s t i c  i n c r e a s e s  

i n  c o r r o s i o n .  Thus, expens ive  i n s t r u m e n t a t i o n  i s  r e q u i r e d ,  which 

probably  e x p l a i n s  why t h e  method has  n o t  been used f o r  c o n t r o l  

of p i p e l i n e  c o r r o s i o n .  

Lowering t h e  p o t e n t i a l  a lso  reduces  t h e  c o r r o s i o n  r a t e .  

T h i s  i s  called c a t h o d i c  p r o t e c t i o n  and i s  wide ly  a p p l i e d  f o r  

c o n t r o l  of underground c o r r o s i o n .  I t  has  a l s o  been used f o r  

p r o t e c t i o n  a g a i n s t  i n t e r n a l  c o r r o s i o n  ( 2 0 2 ) .  Cathodic  p ro t ec-  

t i o n  i s  so wide ly  a p p l i e d ,  i n  f a c t ,  t h a t  it i s  w e l l  t o  c a u t i o n  

a t  t h e  o u t s e t  t h a t  correct u t i l i z a t i o n  i s  n o t  t r i v i a l  nor  w i t h -  

o u t  problems. Although 213  of t h e  companies surveyed des igned  

t h e i r  own c a t h o d i c  p r o t e c t i o n  i n s t a l l a t i o n s ,  9 5  companies em-  

ployed c o n s u l t a n t s .  

I t  i s  d i f f i c u l t  t o  ach i eve  adequa te  c a t h o d i c  p r o t e c t i o n  i n  

h igh  r e s i s t i v i t y  s o i l s .  Cathodic  p r o t e c t i o n  i s  i n e f f e c t i v e  i n  

t h e  s p l a s h  zone of seawate r  (which i s  u s u a l l y  t h e  most r a p i d l y  

cor roded  a r e a )  ( 1 2 8 ) .  When t h e  p e r i o d  of planned usage i s  s m a l l ,  

it may be uneconomical t o  p r o t e c t  p i p e  even i n  c o r r o s i v e  s o i l s  

(158). Cathodic  p r o t e c t i o n  i s  n o t  very  e f f e c t i v e  i n  h o l e s ,  
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crevices, and i n t e r n a l  c o r n e r s  ( 6 9 ) .  Unwanted contaminants  can 

be  i n t roduced  i n t o  t h e  s o i l  a t  t h e  anode ( e .g . ,  P b ) .  Adequate 

c a t h o d i c  p r o t e c t i o n  under conges ted  c i t y  streets i s  very  d i f f i -  

c u l t  t o  ach i eve  w i t h o u t  caus ing  i n t e r f e r e n c e .  

Cathodic  p r o t e c t i o n  can a c t u a l l y  i n c r e a s e  c o r r o s i o n  rates 

under c e r t a i n  c o n d i t i o n s .  When i t  i s  a p p l i e d  t o  an  o l d  and 

l eaky  p i p e l i n e ,  s e v e r a l  months must be  a l lowed f o r  a n o t i c e a b l e  

r e d u c t i o n  i n  t h e  f a i l u r e  ra te .  Cathodic  p r o t e c t i o n  of o l d  p ipe-  

l i n e s  may, i n  f a c t ,  i n c r e a s e  t h e  l e a k  r a t e  d u r i n g  t h e  f i r s t  y e a r  

because  l i b e r a t e d  hydrogen can loosen  adhe ren t  r u s t  scale which 

had p r e v i o u s l y  covered s m a l l  h o l e s  ( 4 9 0 ) .  Ca thodic  p r o t e c t i o n  

can  a l s o  i n c r e a s e  t h e  pH t o  t h e  p o i n t  where r u s t  d i s s o l v e s .  

S e v e r a l  i n s t a n c e s  have been r e p o r t e d  where a p p l i c a t i o n  of 

c a t h o d i c  p r o t e c t i o n  a p p a r e n t l y  had d e l e t e r i o u s  e f f e c t s  under 

s p e c i a l  c i rcumstances  (257,  2 6 4 ,  334) .  

The c u r r e n t  d e n s i t y  r e q u i r e d  f o r  c a t h o d i c  p r o t e c t i o n  v a r i e s  

widely  under d i f f e r e n t  c o n d i t i o n s ;  r e p r e s e n t a t i v e  examples are 

summarized below. More c u r r e n t  w a s  r e q u i r e d  t o  s t o p  c r e v i c e  

c o r r o s i o n  of 304 s t a i n l e s s  i n  f lowing  seawater t h a n  w a s  re- 

q u i r e d  f o r  q u i e s c e n t  seawater (584) .  When s u l f a t e  r educ ing  

b a c t e r i a  w e r e  p r e s e n t ,  50  p e r c e n t  more c u r r e n t  was r e q u i r e d  

i n  i n d i r e c t  s u n l i g h t  t h a n  i n  t h e  da rk  (538) .  I n  a e r a t e d  so lu-  

t i o n s  t h e  minimum c u r r e n t  w a s  found t o  be  equa l  t o  t h e  c o r r o s i o n  

I 

c u r r e n t ,  w h i l e  it w a s  t w i c e  t h e  c o r r o s i o n  c u r r e n t  i n  d e a e r a t e d  

s o l u t i o n s  ( 7 2 9 ) .  I n  3 p e r c e n t  N a C l  t h e  c u r r e n t  r e q u i r e d  t o  

p r o t e c t  s t ee l  w a s  reduced by a s h o r t  p r e l i m i n a r y  p e r i o d  of 

exposure  w i t h o u t  p r o t e c t i o n  ( 5 3 1 ) .  I n  h igh  r e s i s t i v i t y  s o i l ,  
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t h r e e  t i m e s  t h e  c o r r o s i o n  c u r r e n t  ( i n t e r s e c t i o n  i n  F i g u r e  1) w a s  

r e q u i r e d  f o r  p r o t e c t i o n  ( 5 3 2 ) .  C u r r e n t  r e q u i r e d  t o  s t o p  stress 

c o r r o s i o n  c r a c k i n g  of s t a i n l e s s  i n c r e a s e d  r a p i d l y  w i th  t h e  dep th  

of t h e  c r ack  ( 5 7 9 ) .  

One s tudy  ( 7 2 9 )  found t h a t  c a t h o d i c  p r o t e c t i o n  i n  seawater 

* caused p r o t e c t i v e  l a y e r s  of  C a C 0 3  and Mg(OH)2 t o  form roughly  

i n  p r o p o r t i o n  t o  t h e  c u r r e n t  d e n s i t y .  A t  lower c u r r e n t  den- 

si t ies  ( <  150 mA/sq f t ) ,  t h e  fo rma t ions  were predominant ly  

C a C 0 3 ;  a t  h i g h e r  c u r r e n t  d e n s i t i e s ,  Mg(0H) w a s  more p r e v a l e n t .  

The CaC03 l a y e r s  w e r e  found t o  b e  less porous  and t o  p rov ide  

more p r o t e c t i o n .  

Many f a c t o r s  must be t aken  i n t o  account  i n  d e s i g n  of  a 

c a t h o d i c  p r o t e c t i o n  system. A s o i l  c o n d u c t i v i t y  survey i s  

adv i sed  b e f o r e  l a y i n g  t h e  p i p e  so t h a t  c a t h o d i c  p r o t e c t i o n  

can be c e n t e r e d  i n  a r e a s  of h i g h e r  c o n d u c t i v i t y  ( 7 6 3 ) .  Thi s  

would e n s u r e  maximum e f f i c i e n c y  and minimum damage t o  c o a t i n g s ,  

i f  used.  There  a r e  b a s i c a l l y  two methods of app ly ing  c a t h o d i c  

p r o t e c t i o n  ( 4 8 2 ) .  One i s  t o  u se  s a c r i f i c i a l  anodes and t h e  

o t h e r  i s  t o  use  e x t e r n a l l y  a p p l i e d  impressed c u r r e n t .  

S a c r i f i c i a l  anodes t y p i c a l l y  c o n s i s t  of Mg, Zn, o r  A l .  

These may be connected by i n s u l a t e d  w i r e  t o  t h e  p i p e ,  i n  t h e  

form o f  bracelets a t t a c h e d  a t  p i p e  j o i n t s  ( 7 2 8 ) ,  o r  as c o a t i n g s .  

A l l o y  a d d i t i o n s  can markedly a f f e c t  t h e  performance of sacri- 

f i c i a l  anodes.  Aluminum c o n t a i n i n g  0 .01- 0 .02  p e r c e n t  Indium 

and 0.5-5 p e r c e n t  Zn was found t o  be p a r t i c u l a r l y  e f f e c t i v e ,  

y i e l d i n g  a p o t e n t i a l  of about  1.1 V and a c u r r e n t  e f f i c i e n c y  

g r e a t e r  t h a n  80 p e r c e n t  a t  c u r r e n t  d e n s i t i e s  about  1 mA/cm 2 



( 2 1 ,  9 5 ) .  Small  amounts of  F e  and S i  improved performance,  

w h i l e  0 . 0 1  p e r c e n t  Cu markedly degraded it. Aluminum c o n t a i n-  

i n g  0.45 p e r c e n t  Zn and 0.045 p e r c e n t  Hg w a s  found t o  be  pro- 

mis ing  from a n  economic s t a n d p o i n t  for marine a p p l i c a t i o n s  ( 5 2 9 ) .  

Zn a l l o y s  are  a lso u s e f u l  i n  seawater .  The z i n c  should  c o n t a i n  

less than  0 . 0 0 1 4  p e r c e n t  Fe ( 1 0 5 ) .  Add i t i on  of 0.5 p e r c e n t  A 1  

t o  Zn w a s  found t o  reduce  t h e  d e l e t e r i o u s  e f f e c t  of Fe ( 1 5 0 ) .  

Zn w i t h  0 .3  p e r c e n t  A 1  p l u s  0.05 p e r c e n t  Cd, o r  0.3 p e r c e n t  

A 1  p l u s  0.5 p e r c e n t  Cd and 0 . 1  p e r c e n t  S i  e x h i b i t e d  s u p e r i o r  

performance (388) .  Depleted uranium has  a l so  been s u c c e s s f u l l y  

used as a s a c r i f i c i a l  anode ( 8 5 ) .  One d i f f i c u l t y  i n  t h e  u se  

of many s a c r i f i c i a l  anodes ove r  a l e n g t h  of p i p e  i s  t h a t  t h e y  

w i l l  e x p i r e  ove r  a wide range  of  t i m e ,  making op t ima l  r e p l a c e-  

men t  d i f f i c u l t .  

Tab le  2 3  i n d i c a t e s  t h e  c h o i c e  of materials f o r  anodes among 

t h e  companies surveyed,  and Table  2 4  summarizes t h e  anode per-  

formance expe r i ence  r e p o r t e d  i n  t h i s  survey .  

TABLE 23 

NUMBER OF COMPANIES FAVORING DIFFERENT GALVANIC ANODES 

1st Choice 2nd Choice 3rd Choice 

Aluminum 9 9 1 0  

Magnesium 30 8 8 3 

Zinc 1 4  79 2 

Other  1 4 0 

1 0 2  



TABLE 2 4  

PERFOFWANCE OF GALVANIC ANODES 

E a r t h  Exposure 
B e s t  2nd B e s t  3 rd  B e s t  

Aluminum l o *  8 45 

Magnesium 282 5 2 

Zinc 6 1 0 6  8 

Other  1 0 . o  

Aluminum 7 1 8  7 

Magne s i um 28 1 6  1 5  

Zinc 32 1 3  0 

Other  4 2 1 

*Number of  companies r e p o r t i n g  b e s t  performance.  

The second,  and m o s t  p o p u l a r ,  means of app ly ing  c a t h o d i c  pro-  

t e c t i o n  i s  by impressed c u r r e n t ,  e x t e r n a l l y  a p p l i e d .  Direc t  

c u r r e n t  i s  r e q u i r e d  and may be  s u p p l i e d  by a v a r i e t y  of means, 

i n c l u d i n g  step-down and r e c t i f i c a t i o n  of commercial AC power, 

s o l a r  c e l l s  p l u s  ba t te r ies ,  t h e r m o e l e c t r i c  ce l l s  u s i n g  f u e l  from 

t h e  p i p e l i n e ,  f u e l  c e l l s ,  and n u c l e a r  g e n e r a t o r s  ( 2 7 8 ,  3 3 5 ) .  

Gene ra to r s  w i t h  moving p a r t s ,  e .g . ,  w indmi l l s ,  g e n e r a l l y  r e q u i r e  

t o o  much maintenance t o  b e  e f f i c i e n t .  

I n  t h e  s i m p l e s t  case, c u r r e n t s  are p e r i o d i c a l l y  se t  manually 

t o  p r o v i d e  t h e  r e q u i r e d  p o t e n t i a l .  I n c r e a s i n g  u s e  w i l l  b e  made 

of au tomat i c  c o n t r o l l e r s ,  e s p e c i a l l y  i f  HVDC p r e s e n t s  t h e  pro-  

blems t h a t  are  f e a r e d  (335,  357, 296,  1 2 0 ,  76, 5 7 6 ) .  Automatic 
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c o n t r o l  i s  a l s o  d e s i r a b l e  i n  marine  i n s t a l l a t i o n s  where  c u r r e n t  

r equ i r emen t s  change w i t h  t i m e  because  of v a r i a t i o n s  i n  v e l o c i t y ,  

a e r a t i o n ,  etc.  ( 3 8 4 ) .  Recent i nnova t ions  i n c l u d e  s i l i c o n  con- 

t r o l l e d  r e c t i f i e r s ,  c o n s t a n t- c u r r e n t  r e c t i f i e r s ,  permanent p i p e  

p o t e n t i a l  i n d i c a t i n g  meters, and t e l e m e t e r i n g  p o t e n t i a l s  down 

t h e  p i p e  i t s e l f  ( 3 3 5 ) .  

Tab le  25 l i s t s  t h e  t y p e s  of r e c t i f i e r s  used by t h e  companies 

surveyed.  The numbers and types  of g e n e r a t o r s  r e p o r t e d -i n  u se  

by t h e s e  companies are summarized i n  Table  26 .  

TABLE 25 

TYPES OF RECTIFIERS USED 

. 

Number of U s e r  Companies 

(A)  Selenium 289 

( B )  S i l i c o n  1 4 8  

( C )  Copper Oxide 1 9  

(D) Other  9 

TABLE 26 

NUMBER OF GENERATORS I N  USE PER COMPANY 

Number o f  Genera tors  
1-5 6- 10 11- 25 26-50 Over 50 

(A)  F u e l  powered 20 4 0 2 0 

( B )  P u l s e  5 0 2 0 0 

(C)  Solar  1 0 0 0 0 

( D )  The rmoe lec t r i c  2 1  1 0  7 1 1 

(E) Other  6 0 1 1 0 

1 0 4  



I f  p i p e  i s  t o  be c a t h o d i c a l l y  p r o t e c t e d ,  an  anode must be  

p l a c e d  i n  t h e  ground t o  complete  t h e  e l e c t r o l y t i c  c i r c u i t .  The 

anode must b e  of  s u f f i c i e n t  s i z e  t o  o p e r a t e  a t  r e a s o n a b l e  c u r r e n t  

d e n s i t i e s  and t o  l a s t  a long  p e r i o d  of t i m e .  S i l i c o n  i r o n  ( 1 4 6 ) ,  

T i  p l a t e d  w i t h  a very  t h i n  f i l m  of p l a t i num (3571, Pb a l l o y s  f o r  

seawater ( 3 8 8 ) ,  Pb wi th  embedded P t  p i n s  ( 3 9 1 ,  4 9 1 ) ,  Pb-Ag a l l o y s  

( 7 5 ) ,  g r a p h i t e  and carbon ( 5 4 2 ) ,  S i - C r  i r o n  ( 5 4 1 ) ,  and s teel  

(540) have all been employed as anodes.  I n  a r i d  o r  s e m i a r i d  

s o i l s ,  e l ec t ro- osmos i s  can  s i g n i f i c a n t l y  i n c r e a s e  t h e  s o i l  re- 

s i s t i v i t y  around an  anode ground bed by r educ ing  t h e  mo i s tu re  

c o n t e n t  ( 4 0 5 ) .  To avo id  t h i s  e f f e c t ,  c u r r e n t  d e n s i t i e s  should  

be k e p t  l o w .  

I n  s o i l ,  anodes are g e n e r a l l y  surrounded w i t h  coke o r  graph-  

i t e  ' 'breeze" which t r a n s m i t s  t h e  c u r r e n t  t o  t h e  s o i l .  The 

f u n c t i o n  of t h e  coke b r e e z e  i s  bo th  t o  ex tend  t h e  l i f e  of t h e  

anode ( s i n c e  it reacts minimal ly  w i th  e l e c t r o l y s i s  p r o d u c t s ) ,  

and t o  lower t h e  c u r r e n t  d e n s i t y .  The anode must a l s o  b e  l o c a t e d  

so as t o  p rov ide  good c u r r e n t  d i s t r i b u t i o n  on t h e  p i p e  t o  s a t i s f y  

t h e  p o t e n t i a l  c r i t e r i o n  everywhere. One development dev i sed  t o  

a c h i e v e  t h i s  i s  t h e  deep ground bed anode. The deep ground bed 

i s  located benea th  t h e  p i p e l i n e  and so  r e q u i r e s  no a d d i t i o n a l  

r i g h t  o f  way ( 5 4 0 ) .  Geolog ica l  fo rma t ions ,  however, can  con- 

c e i v a b l y  cause  an un favo rab l e  p o t e n t i a l  d i s t r i b u t i o n .  S ince  

g a s e s  are u s u a l l y  gene ra t ed  a t  t h e  anode, a s t a n d p i p e  t o  t h e  

s u r f a c e  i s  r e q u i r e d  f o r  t h e i r  escape .  Steel  s t a n d p i p e s  have been 

no ted  t o  be  a t t a c k e d  by t h e  c a t h o d i c  p r o t e c t i o n  c u r r e n t  ( 5 4 2 ) .  

For t h i s  r e a s o n ,  p e r f o r a t e d  p l a s t i c  p i p e  i s  o f t e n  used.  The 
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performance of impressed c u r r e n t  anodes r e p o r t e d  by t h e  companies 

surveyed i s  o u t l i n e d  i n  Table  27 .  

A phenomenon of wide concern i n  c a t h o d i c  p r o t e c t i o n  i s  i n t e r -  

f e r e n c e  ( e . g . ,  2 6 7 ) .  S ince  c a t h o d i c  p r o t e c t i o n  g e n e r a t e s  a n  

e l ec t r i c  f i e l d  i n  t h e  s o i l ,  c u r r e n t  t e n d s  t o  f low i n  any con- 

d u c t o r  p l a c e d  i n  t h e  s o i l .  Where t h i s  ( p o s i t i v e )  c u r r e n t  l e a v e s  4 

t h e  p i p e ,  c o r r o s i o n  i s  r a p i d .  I n  London an anode 460  f e e t  deep 

w a s  used i n  an  u n s u c c e s s f u l  a t t e m p t  t o  avoid  i n t e r f e r e n c e  ( 1 4 6 ) .  
% 

The b e s t  method t o  avo id  i n t e r f e r e n c e  has  proved t o  be  

ho ld ing  a11 b u r i e d  metal s t r u c t u r e s  and p i p e s  a t  o r  n e a r  t h e  

s a m e  p o t e n t i a l .  

l i n e s  i n  crowded a r e a s  can b e  ve ry  d i f f i c u l t .  Owners of  d i f f e r -  

Avoidance of i n t e r f e r e n c e  from e x i s t i n g  p ipe-  

e n t  p i p e l i n e s  and s t r u c t u r e s  i n  t h e  same a r e a  m u s t  c o o r d i n a t e  

c a t h o d i c  p r o t e c t i o n  e f f o r t s .  Coord ina t ion  i s  c a r r i e d  o u t  by 

in fo rma l  l o c a l  c a t h o d i c  p r o t e c t i o n  groups which m a i n t a i n  maps 

showing underground me ta l ,  ho ld  meet ings  t o  d i s c u s s  problems,  

a d v i s e  l o c a l  governmental  u n i t s ,  e tc .  S a c r i f i c i a l  ( e . g . ,  Mg) 

anodes are b e l i e v e d  t o  produce minimum i n t e r f e r e n c e  w i t h  b a r e  

l i n e s  ( 5 9 2 ) .  

Tab le  28 l i s t s  t h e  major s o u r c e s  of i n fo rma t ion  t h a t  t h e  

surveyed companies used. t o  de te rmine  t h e  p re sence  of i n t e r -  

f e r e n c e  c u r r e n t s .  (An a l p h a b e t i c a l  l i s t i n g  of E l e c t r o l y s i s  

o r  Cor ros ion  I n t e r f e r e n c e  Committees compiled d u r i n g  t h e  su r-  

vey i s  i n c l u d e d  a s  Table  4 9 ,  Appendix 111.) C r i t e r i a  u t i l i z e d  

by t h e  companies surveyed  t o  de te rmine  whether  i n t e r f e r e n c e  has  

been m i t i g a t e d  are summarized i n  Tab le  29.  
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TABLE 27 

IMPRESSED CURRENT ANODES ACCORDING TO PERFOWANCE 
E a r t h  Exposure 

Anode Material B e s t  2nd 3 rd  4 t h  5 t h  E* 

Graph i t e  i n  coke b r e e z e  152 70 1 9  3 2 4  

0 15  5 1 0  2 1  G r a p h i t e  

Lead 0 0 0 0 0 3  

Lead- s i lve r  a l l o y  1 0 0 0 0 3  

High s i l i c o n  cas t  i r o n  i n  
coke b r e e z e  1 0 4  85 3 4 0 1  

High s i l i c o n  cast  i r o n  13  1 9  29 2 1  0 3  

Sc rap  i r o n  i n  coke breeze 1 6 23 5 3 0  

Sc rap  i r o n  

P l a t i n i z e d  t i t a n i u m  

11 11 46 15  4 3  

0 3  0 0 0 0 

0 0 0 2  P l a t i n i z e d  t a n t a l u m  2 0 

0 0 0  Other  6 2 6 
Marine Exposure 

Anode Material B e s t  2nd 3rd E* 

Graph i t e  i n  coke b r e e z e  2 0 0 1 

Graph i t e  7 3 3 1 

Lead 0 0 0 0 

Lead- s i lve r  a l l o y  8 0 3 3 

High s i l i c o n  cas t  i r o n  i n  
coke b r e e z e  

Iligh s i l i c o n  c a s t  i r o n  

Sc rap  i r o n  i n  coke breeze 

3 2 0 0 

36 4 1 0 

0 5 0 0 

Scrap  i r o n  2 6 1 0 

P l a t i n i z e d  t i t a n i u m  2 1 0 0 

P l a t i n i z e d  tantalum 1 0 0 0 

Other  1 0 2 0 
*Experiment a 1 

1 0 7  



TABLE 28  

MAJOR SOURCES OF INFORMATION ABOUT THE PRESENCE 
OF INTERFERENCE CURRENTS 

1st  2nd 3rd  4 th  
Number of  Companies 

(A)  E l e c t r o l y s i s  o r  Corrosion 
I n t e r f e r e n c e  Committees 

( B )  Direct Communication from 
Other  Companies 

85 53 64 0 

85 174 35 0 

( C )  Curren t  and Voltage Measurements 143 61 88 0 

(D) Other  1 2 7 9 

Table  29  

C R I T E R I A  USED TO DETERMINE WHEN INTERFERENCE 
HAS BEEN MITIGATED 

C r i t e r i a  Number of U s e r  Companies 

N o  Change i n  P ipe  P o t e n t i a l  w i th  
R e c t i f i e r  On and Off 

L i n e  C u r r e n t  Measurements o r  When a l l  
C u r r e n t  Flow on P ipe  i s  Toward t h e  
D r a i n  Bond 

74 

34 

R e s t o r a t i o n  of O r i g i n a l  P i p e  P o t e n t i a l  t o  
Those V a l u e s  Which E x i s t e d  P r i o r  t o  
I n t e r f e r e n c e  84 

E a r t h  C u r r e n t  Technique 1 0  

P i p e- t o- s o i l  P o t e n t i a l  i s  - 0 .85  V o l t s  o r  more 1 0  

Adjustment of t h e  S lope  of t h e  B e t a  Curve 
a t  Locat ion of M a x i m u m  Exposure None 

Other  25 

I t  w a s  once common p r a c t i c e ,  and o f t e n  

o r  municipal  code,  t o  p l a c e  a m e t a b  c a s i n g  

r e q u i r e d  by s t a t e  

around a p i p e l i n e  



where it passed  under  a roadway. U n f o r t u n a t e l y ,  t h i s  procedure  

can  r educe  o r  n e g a t e  t h e  b e n e f i c i a l  e f f e c t s  of c a t h o d i c  p ro tec-  

t i o n  ( 5 6 1 ) .  I n  a d d i t i o n ,  c o r r o s i o n  of t h e  i n n e r  s u r f a c e  of t h e  

c a s i n g  can  b e  a c c e l e r a t e d  by t h e  c u r r e n t s  p a s s i n g  through i t  

( 5 6 3 ) .  A c c e l e r a t e d  c o r r o s i o n  of  t h e  c a s i n g  can b e  p reven ted  

by e l e c t r i c a l l y  connec t ing  t h e  p i p e  and t h e  c a s i n g ,  b u t  t h i s  

comple te ly  n e g a t e s  t h e  c a t h o d i c  p r o t e c t i o n  of  t h e  p ipe .  One 

s u g g e s t i o n  i s  t o  g r o u t  t h e  annu lus  (594) or  t o  d r y  and f i l l  i t  

w i t h  g r e a s e  (561) i f  t h e  p i p e  and t h e  c a s i n g  are s h o r t e d .  An- 

o t h e r  approach i s  t o  swage down t h e  ends of  t h e  c a s i n g ,  w e l d  them 

t o  t h e  p i p e  a t  each  end,  and fill t h e  annulus  w i t h  s a t u r a t e d  l i m e  

s o l u t i o n  ( 5 6 3 ) .  S i m i l a r  e f f e c t s  can  b e  o b t a i n e d  w i t h  w i r e  mesh 

r e i n f o r c e d  mor ta r  c o a t i n g .  Connection of  mesh t o  p i p e  i s  re- 

commended. S i m i l a r l y ,  p i p e  clamps shou ld  b e  bonded t o  t h e  p i p e  

and t h e  p i p e  s u r f a c e  coa ted  w i t h  i n s u l a t i n g  ma te r i a l  ( 5 9 4 ) .  When 

p o s s i b l e  nonconduct ive r e i n f o r c i n g  mater ia ls  are recommended t o  

avo id  s c r e e n i n g  e f f e c t s .  The companies surveyed had a t o t a l  of  

2 2 , 6 6 9  c a s i n g s  s h o r t e d  t o  t h e  car r ier  p ipe .  Three  hundred and 

t w o  l e a k s  w e r e  r e p o r t e d  i n s i d e  p i p e l i n e  c a s i n g s .  

Some p i p e l i n e s  c o n t a i n  nonconduct ive j o i n t s .  When c a t h o d i c  

p r o t e c t i o n  i s  a p p l i e d  t o  such a p i p e l i n e ,  it i s  e s s e n t i a l  t o  u s e  

bond s t r a p  e l ec t r i ca l  coup l ings  a c r o s s  t h e s e  j o i n t s .  I t  h a s  been 

e s t i m a t e d  t h a t  w i t h  up t o  1 5 0  j o i n t s  p e r  m i l e  one  shou ld  e x p e c t  

one missed j o i n t  every  50 m i l e s  ( 5 7 5 ) .  Th i s  missed j o i n t  may b e  

l o c a t e d  by app ly ing  c a t h o d i c  p r o t e c t i o n  and making a p i p e  t o  

s o i l  p o t e n t i a l  survey .  One must a l s o  c o n s i d e r  e l ec t r i ca l  d i s -  

c o n t i n u i t i e s  i n  o l d  underground. s t r u c t u r e s  when s e e k i n g  t o  avo id  



i n t e r f e r e n c e  from c a t h o d i c  p r o t e c t i o n  of a new p i p e l i n e  ( 2 6 7 ) .  

I n  such cases a s imple  bond from t h e  p i p e l i n e  t o  t h e  s t r u c t u r e  

w i l l  n o t  s o l v e  t h e  i n t e r f e r e n c e  problem. 

Var ious  t echn iques  have been developed f o r  d e s i g n i n g  c a t h o d i c  

p r o t e c t i o n  systems.  Analog models c o n s i s t i n g  of w i r e s  immersed 

i n  an e l e c t r o l y t e  have been sugges t ed  f o r  s o l u t i o n  of complell 

i n t e r f e r e n c e  problems ( 4 9 4 ) .  Mathematical  a n a l y s i s  has  been used 

f o r  d e s i g n  of impressed c u r r e n t  p r o t e c t i o n  of  i n t e r n a l  p i p e  s u r-  

faces ( 5 6 9 ) .  Computers have a l s o  been employed f o r  c a l c u l a t i o n s  

o f  c u r r e n t  and p o t e n t i a l  d i s t r i b u t i o n s  under d i f f e r e n t  condi-  

t i o n s .  Gene ra l l y ,  t h e  mathemat ica l  models i g n o r e  p o l a r i z a t i o n ,  

which may have a c o n t r o l l i n g  i n f l u e n c e .  

9 .  Ca thodic  P r o t e c t i o n  of Coated P i p e l i n e s  

Nonconductive c o a t i n g s  and c a t h o d i c  p r o t e c t i o n  are q u i t e  

o f t e n  used t o g e t h e r  f o r  p r o t e c t i o n  of p i p e l i n e s  from c o r r o s i o n .  

Coa t ings  and c a t h o d i c  p r o t e c t i o n  complement each o t h e r  n i c e l y .  

Coa t ings  are  u s u a l l y  n o t  p e r f e c t  -- some h o l i d a y s  remain,  a t  

which c o r r o s i o n  can occur .  Ca thodic  p r o t e c t i o n  s e r v e s  t o  pro-  

t ec t  t h e  p i p e  a t  t h e  h o l i d a y s ,  and may be cons ide rab ly  cheaper  

t h a n  e f f o r t s  t o  produce a p e r f e c t  c o a t i n g .  On t h e  o t h e r  hand, 

t h e  c o a t i n g  d r a s t i c a l l y  reduces  t h e  c u r r e n t  r e q u i r e d  t o  p r o t e c t  

t h e  p i p e  -- so much so ,  i n  f a c t ,  t h a t  t h e  r e q u i r e d  c u r r e n t  i s  

o f t e n  t a k e n  a s  a measure of the q u a l i t y  and i n t e g r i t y  o f  t h e  

c o a t i n g .  Coa t ings  and c a t h o d i c  p r o t e c t i o n  may economical ly  

b e  a good inves tment  s i n c e  w e l l  p r e s e r v e d  p i p e  i s  w o r t h  more 

a f t e r  i t s  u s e f u l  l i f e  i n  a p a r t i c u l a r  a p p l i c a t i o n .  The p i p e  

may t h e n  be r e c o a t e d  and r eused .  
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F i g u r e  6 i s  a graph of t h e  l e a k  h i s t o r y  on an aqueduc t ,  which  

shows t h e  e f f e c t i v e n e s s  of c o a t i n g  combined w i t h  c a t h o d i c  p ro t ec-  

t i o n .  The aqueduct  w a s  a 65- inch d i ame te r ,  9 0 - m i l e ,  welded s t e e l  

p i p e  coa t ed  w i t h  a bi tuminous mastic. Ca thodic  p r o t e c t i o n  was 

i n t e r r u p t e d  t w i c e  a s  t w o  a d d i t i o n a l  aqueducts  w e r e  i n s t a l l e d  i n  

t h e  same 100- foot  r ight- of-way (6114). 

The performance of p i p e  w i t h  and w i t h o u t  p r o t e c t i o n  r e p o r t e d  

by t h e  companies surveyed i s  shown i n  Table  30. A s  may be  s e e n ,  

t h e  number of l e a k s  p e r  m i l e  w a s  much less wi th  any type  of pro-  

t e c t i o n  t h a n  w i t h  b a r e  unp ro t ec t ed  p i p e .  The l e a k s  p e r  m i l e  for 

c a t h o d i c a l l y  p r o t e c t e d  and c o a t e d  s teel  p i p e  were widely  d i s t r i -  

bu ted  over  t h e  age groups ,  whereas bare p i p e  w i t h  and w i t h o u t  

c a t h o d i c  p r o t e c t i o n  o r  coa t ed  p i p e  w i thou t  c a t h o d i c  p r o t e c t i o n  

had s i g n i f i c a n t  l e a k  r a t e s  f o r  p i p e  i n s t a l l e d  ove r  1 0  y e a r s .  

Cathodic  p r o t e c t i o n  can damage c o a t i n g  m a t e r i a l s  under cer- 

t a i n  c o n d i t i o n s .  Water can be  d r i v e n  by e l ec t ro- osmos i s  through 

sma l l  h o l i d a y s  t o  form b l i s t e r s  under t h e  c o a t i n g .  Cathodic  pro-  

t e c t i o n  g e n e r a t e s  hydrogen when t h e  p o t e n t i a l  exceeds t h e  hydro-  

gen o v e r v o l t a g e  of s tee l  and can c a i x e  d i sbonding  of c o a t i n g s  t o  

d i f f e r e n t  degrees .  I n  f a z t ,  c a t h o d i c  p o l a r i z a t i o n  i s  one t e s t  

f o r  bonding of c o a t i n g s .  Disbonding i n c r e a s e s  as t h e  p o t e n t i a l  

becomes more n e g a t i v e ,  as tempera ture  i n c r e a s e s ,  and as e x t e r n a l  

p r e s s u r e  d e c r e a s e s ,  and  i s  g r e a t e r  i n  s eawa te r  t h a n  i n  3 p e r c e n t  

N a C 1 .  The t empera tu re  e f f e c t  v a r i e s  widely  from c o a t i n g  t o  c o a t-  

i n g ,  however ( 6 8 4 ) .  If t h e  c o a t i n g  i s  disbonded,  c o r r o s i o n  can 

occur  under t h e  c o a t i n g  even w i t h  c a t h o d i c  p r o t e c t i o n  ( 5 7 0 ) .  

I t  was found t h a t  c a t h o d i c  p r o t e c t i o n  may f a i l  t o  stop micro-  
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I k 

Age Groups Number of Companies 

Bare Steel  P i p e ,  Not Ca thod ica l ly  P r o t e c t e d  
Over 30 y e a r s  0 3 1 1 3  1 2  46 2 2  
21- 30 y e a r s  1 4 1 1 2  14 3 7  9 
1 1 - 2 0  y e a r s  0 4 0 19 10 19 10 
6-10 y e a r s  I 4 2 2 7 7 2 
0- 5 y e a r s  2 3 1 3 1 5 1 

Over 3 0  y e a r s  0 4 2 1 3  1 0  9 4 
2 1- 3 0  y e a r s  0 4 1 11 3 6 4 

P 11-20 y e a r s  1 2 1 4 5 4 1 
W 6-10 y e a r s  0 1 2 0 1 2 1 

0-5 y e a r s  0 0 0 0 0 0 0 

Bare Steel  P i p e ,  Ca thod ica l ly  P r o t e c t e d  

P 

Coated Steel  P ipe ,  Not Ca thod ica l ly  P r o t e c t e d  
Over 30 y e a r s  0 3 1 6 3 18 9 
21- 30 y e a r s  1 6 1 7 14 14 2 
11- 20 y e a r s  1 8 3 1 0  11 1 5  5 
6-10 y e a r s  1 6 1 11 8 5 4 
0- 5 y e a r s  0 2 2 3 7 4 3 

I 

TABLE 30 

1 1 
2 2 
2 0 
0 0 
0 0 

0 0 
1 1 
0 1 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 

WMBEf? OF CORROSION LEAKS PER LINEAR PULE OCCURRING I N  1969 FOR STEEL P I P E  

Coated Steel  P i p e ,  C 

Over 3 0  y e a r s  4 5 3 
21- 30 y e a r s  6 8 3 
11- 20  y e a r s  7 1 5  7 
6- 10 y e a r s  8 5 3 
0-5 y e a r s  4 2 3 

t h o d i c a l l y  Protected 
11 2 6 
4 2 5 
5 5 3 
7 4 2 
1 1 0 

0 0 0 
0 0 0 
2 0 0 
2 0 0 
0 0 0 



b i o l o g i c a l  c o r r o s i o n  i n  mo i s tu re  pocke ts  under disbonded c o a t i n g s  

(5024) .  

Loss o f  adhes ion  and b l i s t e r i n g  of v i n y l  c o a t i n g s  on cathod-  

i c a l l y  p r o t e c t e d  s h i p s  has  been a t t r i b u t e d  t o  development af 

l o c a l i z e d  a l k a l i n i t y  a t  h o l i d a y s  ( 3 6 4 ) .  Na' and K d i f f u s e d  

through t h e  f i l m  under t h e  a p p l i e d  p o t e n t i a l .  L i t t l e  b l i s t e r i n g  

+ 

and p e e l i n g  of v i n y l  p a i n t  has  been found t o  occu r  i f  less noble  

p o t e n t i a l s  w e r e  employed, which lowered t h e  & r e n t  d e n s i t y  t o  

abou t  3 mA/m . Zinc anodes are r e p o r t e d l y  g a i n i n g  f a v o r  over  2 

M g  f o r  t h e  h u l l s  of s h i p s ,  p a r t l y  because  they  make it p o s s i b l e  

t o  avo id  o v e r p r o t e c t i o n  harmful  t o  p a i n t  ( 9 9 ) .  

I t  has  been r e p o r t e d  t h a t  t h e  normal c a t h o d i c  p r o t e c t i o n  

p o t e n t i a l  of - 0.85 V t o  CuS04 e l e c t r o d e  causes  r ed- lead  p a i n t  

t o  b l i s t e r ,  does n o t  a f f e c t  c o a l  t a r  enamel, and a f f e c t s  o t h e r  

c o a t i n g s  t o  i n t e r m e d i a t e  e x t e n t s .  Another s t u d y  (259) found 
* 

p a i n t s  based on l i n s e e d / t u n g s t e n  o i l  pheno l i c  v a r n i s h ,  aluminum 

b i tumin ized  o i l  and meta l l i c  pigmented epoxy good t o  -0.85 V;  

aluminum v i n y l  pr imer  w i th  cuprous ox ide  p a i n t  good t o  - 1.0  V; 

and coal t a r  e p o x i e s  t o  -1.25 V. 

Tab le  31 shows t h e  maximum p i p e  p o t e n t i a l  o r  i n s t a n t a n e o u s  

open c i r c u i t  p o t e n t i a l  a t  t h e  r e c t i f i e r  l o c a t i o n  t h a t  b e s t  des-  

c r i b e s  t h e  surveyed companies'  p r a c t i c e  of l i m i t i n g  p o t e n t i a l .  

1 0 .  S t anda rd  C e l l s  and P o t e n t i a l s  i n  Ca thodic  P r o t e c t i o n  

A major problem i n  c a t h o d i c  p r o t e c t i o n  i s  t h e  e s t a b l i s h m e n t  

of cr i ter ia  whereby under  any g iven  set  of c i rcumstances  it may 

be  man i f e s t ed  by t e s t  t h a t  t h e  p i p e  i s  p r o t e c t e d  a g a i n s t  corro- 

*January 1970  Meeting of  Los Angeles S e c t i o n  of NACE. 



TABLE 31 

MAXIMUM P I P E  POTENTIAL OR INSTANTANEOUS OPEN C I R C U I T  
POTENTIAL AT THE R E C T I F I E R  LOCATION 

P ipe- to- So i l  P o t e n t i a l  ( V o l t s )  Number of Companies 

up t o  1 . 5  83  

1 . 6  t o  2.5 1 6 4  

2 .6  t o  3.5 59 

3.6 t o  5.0 1 6  

Other  23 

I n s t a n t a n e o u s  Open C i r c u i t  P o t e n t i a l  Number of Companies 
( V o l t s )  

up t o  1 . 0 0  45 

1 . 0 1  t o  1.05 36 

1 . 0 6  t o  1 . 2 0  4 4  

Other  7 

s i o n  and t h a t  t h i s  p r o t e c t i o n  i s  n o t  a t t a i n e d  a t  t h e  expense of 

o t h e r  components of t h e  underground p i p e ,  e . g . ,  t h e  c o a t i n g .  

Such c r i t e r i a ,  i n c l u d i n g  t h o s e  directed more p a r t i c u l a r l y  toward 

d e s i g n  t h a n  t o  adequacy, depend i n  most i n s t a n c e s  upon measure- 

ment of  t h e  e l ec t r i c  p o t e n t i a l  of t h e  p i p e ,  p i l e ,  s h i p ,  t ank  or  

o t h e r  s t r u c t u r e ,  w i t h  r e s p e c t  t o  some r e f e r e n c e  p o t e n t i a l .  

S e v e r a l  p o s s i b l e  r e f e r e n c e  p o t e n t i a l s  are d e s c r i b e d  b r i e f l y  i n  

f o l l o w i n g  paragraphs .  

I n  e l e c t r o c h e m i s t r y  t h e  u n i v e r s a l  r e f e r e n c e  i s  t h e  s t a n d a r d  

hydrogen e l e c t r o d e  ( S H E ) ,  t h e  p o t e n t i a l  of which i s  a r b i t r a r i l y  

t a k e n  as zero .  The p h y s i c a l  and chemica l  c h a r a c t e r i s t i c s  of % h i s  
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h a l f  c e l l  a r e  r e p r e s e n t e d  a s  fo l l ows :  
+ 

P t  I  gas, 1 atm) 1 H (a  = 1); E O  = o 
P t  i n d i c a t e s  t h e  chemica l ly  i n e r t  p la t inum e l e c t r o d e ,  abou t  which 

e q u i l i b r i u m  i s  e s t a b l i s h e d  between hydrogen gas  a t  1 atmosphere 

p r e s s u r e  and t h e  p ro ton  a t  u n i t  a c t i v i t y .  

Th i s  e q u i l i b r i u m  w a s  e a r l i e r  p r e s e n t e d  as one r e a c t i o n  b a s i c  . 

t o  c o r r o s i o n  and w a s  shown a t  t h e  ca thode  i n  t h e  schemat ic  re- 

p r e s e n t a t i o n  of t h e  underground c o r r o s i o n  p r o c e s s ,  F igu re  4 .  

I t  i s  a l s o  of paramount importance i n  c a t h o d i c  p r o t e c t i o n  s i n c e  

- 

t h e  p r o t e c t e d  s t r u c t u r e  i s ,  i n  e s sence ,  a hydrogen e l e c t r o d e .  

According t o  t h e  Nerns t  e q u a t i o n  of chemical  thermodynamics 

( e . g . ,  Equat ion 5) t h e  p o t e n t i a l  E of any meta l  M of u n i t  a c t i v -  

i t y  i n  e q u i l i b r i u m  w i t h  Mn+ i o n s  a t  a c t i v i t y  aMn+ may be w r i t t e n  

i n  t h e  form 

E = E o  + (0.05916/n) l og  aMn+ (Eq. 1 2 )  

f o r  room tempera tu re ,  where t h e  s t a n d a r d  p o t e n t i a l  Eo for t h e  

meta l  is  expe r imen ta l l y  determined f o r  u n i t  a c t i v i t y  of  m e t a l  

i o n  w i th  r e f e r e n c e  t o  t h e  SHE and n r e p r e s e n t s  t h e  number of 

f a r a d a y s  of e l e c t r i c i t y  e n t e r i n g  i n t o  t h e  r e a c t i o n .  F o r  t h e  

hydrogen/hydrogen i o n  h a l f - c e l l  r e a c t i o n  a t  u n i t  hydrogen 

p r e s s u r e ,  Eo  e q u a l s  ze ro  by convent ion  and Equa t ion  1 2 ,  i n  

m i l l i v o l t s ,  r educes  t o  
+ 

E = 0 + 59.16 l o g  (H ) = -59.16 pH 
+ 

assuming t h e  hydrogen i o n  a c t i v i t y  e q u a l s  i t s  c o n c e n t r a t i o n  (H I 

and,  by d e f i n i t i o n ,  - l og  (H ) = pH. + 

The r e a c t i o n  f o r  oxygen a t  u n i t  p r e s s u r e  i n  e q u i l i b r i u m  w i t h  

hydroxide i o n  (Equa t ion  3) i s  a l s o  monofaradaic  ( n  = l), and 



Equat ion  5 i s  a p p l i c a b l e  w i t h  E o  = + 1 . 2 2 9  v o l t s  w i th  r e s p e c t  t o  

t h e  SHE a t  z e r o  pH. 

The hydrogen and oxygen ce l l  p o t e n t i a l s  are g iven  i n  Tab le  3 2  

f o r  s e v e r a l  v a l u e s  of pH. 

TABLE 32 

HYDROGEN AND OXYGEN ELECTRODE POTENTIALS 

z 

pH E (Hydrogen E l e c t r o d e )  E (Oxygen E l e c t r o d e )  pOH 

0 0 +1229 mv 1 4  

7 - 4 1 4  mv +815 7 

9.33 -551.9 

12.45 - 736.5 

1 4  -828 +401 0 

- - 
- - 

The SHE i s  f a r  t o o  cumbersome f o r  use  i n  t h e  f i e l d .  The 

s a t u r a t e d  copper  s u l f a t e  e l e c t r o d e  on t h e  o t h e r  hand i s  s t u r d y ,  

r e l i a b l e ,  and almost u n i v e r s a l l y  used a-id unders tood  by cor ro-  

s i o n  e n g i n e e r s .  Th is  s imple  e l e c t r o d e  and i t s  p o t e n t i a l  a t  

room t empera tu r e  a re  as fo l l ows :  

Cu ( s o l i d )  1 CuS04 ( s a t u r a t e d  s o l u t i o n )  I E' = 0.441 

E = 4 4 1  - 29.58 l o g  acU++ mV (Eq. 14) 

* When t h e  a c t i v i t y  of t h e  c u p r i c  i o n  acU++ i s  t h a t  of a so lu -  

t i o n  of copper s u l f a t e  i n  e q u i l i b r i u m  w i t h  t h e  hyd ra t ed  s a l t ,  

CuSC,*5H20, t h e  p o t e n t i a l  t o  t h e  SHE i s  +298.1 mV. 

i s  never  used a t  any o t h e r  c u p r i c  i o n  c o n c e n t r a t i o n ,  so t h a t  it 

i s  s u f f i c i e n t  and unambiguous t o  r e f e r  t o  t h i s  r e f e r e n c e  elec- 

trode s imply as " t h e  copper  s u l f a t e  e l e c t r o d e . "  I t  i s  r e l a t i v e l y  

l The e l e c t r o d e  
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i n s e n s i t i v e  t o  contamina t ion .  

The s a t u r a t e d  calomel electrode, SCE, i s  an even more re l ia-  

b l e  -:eference e l e c t r o d e  and c o n s i s t s  of  Hg 1 Hg2C12 ( s a t u r a t e d  

s o l u t i o n ) .  I t  i s  used e x t e n s i v e l y  i n  t h e  l a b o r a t o r y  b u t  i s  less 

conven ien t  i n  t h e  f i e l d  t h a n  t h e  copper s u l f a t e  e l e c t r o d e .  

N e v e r t h e l e s s ,  it i s  used i n  t h e  f i e l d  by some c o r r o s i o n  engi-  

n e e r s  t o  check t h e  p o t e n t i a l  of t h e  copper  s u l f a t e  electrode. 

The s i l v e r  c h l o r i d e  electrode i s  e n t i r e l y  d i f f e r e n t - i n  

performance,  i n  t h a t  t h e  e l e c t r o d e  i s  r e s p o n s i v e  t o  t h e  c h l o r i d e  

i o n  c o n c e n t r a t i o n  of t h e  s o l u t i o n  i n t o  which it i s  dipped.  

electrode i s  formed by " p l a t i n g "  s i l v e r  c h l o r i d e  o n t o  a s i l v e r  

rod  o r  b u t t o n .  I t  i s  p a r t i c u l a r l y  u s e f u l  i n  marine  environments ,  

and i t s  p o t e n t i a l  on t h e  hydrogen scale i n  average  seawater i s  

computed t o  be 195.5  mV. The e l e c t r o d e  i s  a l s o  r e s p o n s i v e  t o  

hydroxide i o n  c o n c e n t r a t i o n ,  and t o  avoid  con tamina t ion  from 

OH- a r e j u v e n a t i n g  c i r c u i t  i s  s o m e t i m e s  used i n  seawater which 

i n t e r m i t t e n t l y  a p p l i e s  a p o s i t i v e  p o t e n t i a l  t o  t h e  e l e c t r o d e  t o  

nudge it i n t o  i t s  e q u i l i b r i u m  va lue .  The s i l v e r  c h l o r i d e  elec- 

t r o d e  i s  d e s t r o y e d  by t h e  s u l f i d e  i on .  I ts  use  below t h e  mud 

l i n e  i n  marine  i n s t a l l a t i o n s  may, t h e r e f o r e ,  be i n a d v i s a b l e .  

The 

The p o t e n t i a l  of  t h e  s i l v e r  c h l o r i d e  e l e c t r o d e  can be  f i x e d  

by r . a i n t a i n i n g  t h e  c h l o r i d e  i o n  c o n c e n t r a t i o n  c o n s t a n t .  I n  

one commercial! u n i t  t h e  electrode i s  surrounded by a s i l v e r  

c h l o r i d e- s a t u r a t e d  4 N  K C 1  s o l u t i o n .  The p o t e n t i a l  i s  t h e n  

+243.7 mV. This  s i lver  c h l o r i d e  electrode has  been s u c c e s s f u l l y  

used t o  measure t h e  chlor ide  i o n s  i n  s o i l  and &he i n f i l t r a t i o n  

of t h e  i o n s  i n  s o i l  i n t o  c o n c r e t e .  A conven t iona l  pH meter i s  
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used wi th  t h e  a c i d i f i e d  sample and r e s u l t s  r e p o r t e d  a s  pC1- 

( - l og  (C1-)) . S i m i l a r  e l e c t r o d e s ,  which a r e  s e n s i t i v e  t o  s u l -  

f a t e  i o n  c e n c e n t r a t i o n ,  have been dev i sed .  These e l e c t r o d e s ,  

however, have n o t  y e t  been used t o  measure t h e  impor t an t  s u l -  

f a t e  i o n  c o n c e n t r a t i o n s  i n  t h e  s o i l .  

R e f e r r i n g  t o  t h e  p o t e n t i a l s  g iven  i n  Table  32,  it i s  now 

e v i d e n t  t h a t  t h e  pH 9.33 cor responds  t o  t h e  p o t e n t i a l  -850 mV 

w i t h  r e s p e c t  t o  t h e  copper  s u l f a t e  e l e c t r o d e  (which i s  o f t e n  
/ 

used as a c r i t e r i o n  i n  c a t h o d i c  p r o t e c t i o n ) .  The  p o t e n t i a l  

-736.5 + (-298.1) = - 1034.6  mV w i t h  r e s p e c t  t o  t h e  copper  s u l -  

f a t e  e l e c t r o d e  i s  t h e  p o t e n t i a l  of t h e  hydrogen e l e c t r o d e  a t  

t h e  p H  of  s a t u r a t e d  ca lc ium hydroxide  s o l u t i o n .  Th i s  p o t e n t i a l ,  

o f t e n  encounte red  i n  p r a c t i c e ,  l ends  s u p p o r t  t o  t h e  c o n t e n t i o n  

t h a t  a c a t h o d i c a l l y  p r o t e c t e d  p i p e l i n e  i s ,  i n  e s sence ,  a hydro-  

gen e l e c t r o d e .  

The s e v e r a l  p o t e n t i a l s  d e s c r i b e d  above are  shown on a nomo- 

gram i n  F i g u r e  7. These are u s e f u l  f o r  an unde r s t and ing  of  ( a )  

t h e  s i g n  of e l e c t r o d e  p o t e n t i a l s ,  (h) t h e  r e l a t i o n s h i p  between 

t h e  s e v e r a l  r e f e r e n c e  electrodes, ( c )  t h e  powerful  r o l e  t h a t  

oxygen must s u r e l y  p l a y  i n  t h e  underground c o r r o s i o n  p r o c e s s ,  

and (d) t h e  p o t e n t i a l s  of c e r t a i n  s a l t s  of i r o n  which are  impor- 

t a n t  i n  c a t h o d i c  p r o t e c t i o n .  T h e  c o r r o s i o n  e n g i n e e r  would do 

w e l l  t o  commit a few p o t e n t i a l s  t o  pemory f o r  o r i e n t a t i o n  w i t h  

- r e s p e c t  t o  n o b i l i t y  and s i g n .  
I 

The s i g n  of t h e  p o t e n t i a l  i s  t o  some e x t e n t  a r b i t r a r y ,  and 

depends on o n e ' s  v iewpoin t .  The s i g n  convent ion  used h e r e  is 

t h a t  which appea r s  on t h e  instrument.  t e r m i n a l s ;  i . e . ,  t h e  
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Y i l l i v o l t s  M i l l i v o l t s  
t o  SHE -~ t o  cuso4- H a l f  C e l l  

NOSLE 
+ 1 0 0 0 . 0  

+930.9 . . . . . .  Oxygen, p H  0 (1) 
' +1300 .0  

+1229 .0  

(1) +102 .9  . . . . . .  Oxyqen, p H  1 4  

0 . 0  . . . . . .  C o p p e r  s u l f a t e  ( s a tu ra t ed )  

1 0 1 . 5  . . . . . .  S i l v e r  ch lo r i de  (seawater) 

- 5 4 . 4  . . . . . .  S i l v e r  ch lo r ide  ( 4 N  K c 1 )  - 
~ 5 7 . 1  . . . . . .  C a l o m e l  SCE 

C401.0 

'298.1 
&243.7  - 
+ 2 4 3 . 1  , 
+196.0  

/ 

0.0 i 2 9 8 . 1  . . . . . .  Hyd-rogen ( 2 )  , PH 0 ,  SHE 

( 2 )  4 1 4 . 0  .- 7 1 2 . 1  . . . . . .  Hydrogen, p H  7 
414 .5  - 
468.0  - - 712 .6  . . . . . .  Ferrous ch lo r ide  ( sa tu ra t ed )  ..- 7 6 6 . 1  . . . . . .  Ferrous s u l f a t e  ( s a tu ra t ed )  

8 5 0 . 0  . . . . . .  One p ro t ec t i on  c r i t e r i o n  

( 3 )  
( 2 )  . . . . . .  / 1 0 3 4 . 6  Hydrogen, p H  1 2 . 4 5  . . . . . .  

( 3 )  . . . . . .  . . . . . .  
( 3 )  

i 
1 2 6 8 . 2  Fe r rous  s u l f i d e ,  p H  1 4  

I 5 5 1 . 9  

7 3 6 . 5  '-r 

7 7 7 . 8  - 1 0 7 5 . 9  Fer rous  s u l f i d e ,  pH 7 
8 2 2 . 2 ,  , 1120 .3  Fer rous  s u l f i d e ,  p H  8.5 
8 2 8 . 0  - - 1 1 2 6 . 1  Hydrogen, p H  1 4  

9 7 0 . 1  i . . . . . .  
BASE 

(1) A t  oxygen p ressure  of 1 a t m o s p h e r e  
( 2 )  A t  hydroqen p r e s s u r e  of 1 atmosphere 
( 3 )  A t  hydrogen b i s u l f i d e  ion  (HS ) a c t i v i t y  = 1 

Figure  7. N o m o g r a m  of Some Oxidat ion P o t e n t i a l s  a t  25OC 
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p o t e n t i a l  between t h e  SHE and t h e  copper  s u l f a t e  e l e c t r o d e  i s  

- 2 9 8 . 1  m i l l i v o l t s  w i t h  t h e  p o s i t i v e  i n s t r u m e n t  t e r m i n a l  connected 

t o  t h e  copper  s u l f a t e  e l e c t r o d e .  The r e v e r s e  s i g n  convent ion  has  

a l so  appeared i n  t h e  l i t e r a t u r e .  

The SCE i s  n e g a t i v e  w i t h  r e s p e c t  t o  t h e  copper  s u l f a t e  elec- 

t r o d e ,  b u t  p o s i t i v e  w i t h  r e s p e c t  t o  t h e  SHE. To avoid  con fus ion  - 

it i s  h e l p f u l  t o  c o n s i d e r  t h e  metals s i l v e r ,  copper  and mercury 

as more nob le ,  and hydrogen and i r o n  a s  more b a s i c  a s  shown i n  

F i g u r e  7. T o  o b t a i n  t h e  s i g n  of a r e a c t i o n  between any two of 

t h e  h a l f  ce l l s ,  t h e  more noble  p o t e n t i a l  i s  s u b t r a c t e d  from t h e  

more b a s i c .  Thus, on t h e  hydrogen scale 
+ 
++ 

H 2  = 2H 

Cu = Cu + 2e-,  E = 298.1 
++ + 

+ 2e-  , E = 0.0 

s u b t r a c t i n g ,  H2 + Cu 

Thus, t h e  n e g a t i v e  s i g n  above i n d i c a t e s  t h a t  i n  measuring t h e  

= Cu + 2H , E = -298.1 

p o t e n t i a l  of  t h e  SHE t o  t h e  copper s u l f a t e  e l e c t r o d e  t h e  e l e c t r o n  

f low w i l l  be from t h e  b a s e r  h a l f  c e l l ,  through t h e  i n s t r u m e n t ,  t o  

t h e  more noble  h a l f  ce l l .  A h a l f  c e l l  w i l l  g i v e  up e l e c t r o n s  t o  

a r e a c t i o n  toward t h e  more nob le  end of t h e  scale. 

A g l a n c e  a t  t h e  a l ignment  c h a r t  w i l l  show t h a t  t h e  p i p e  

p o t e n t i a l  w i l l  a l s o  always b e ,  a cco rd ing  t o  t h e  convent ion  

adopted ,  n e g a t i v e  t o  t h e  copper  s u l f a t e  e l e c t r o d e .  The re fo re ,  

t o  avo id  r e p e a t e d  u s e  of t h e  n e g a t i v e  s i g n ,  i n  p r a c t i c e  t h e  

a b s o l u t e  v a l u e s  nay b e  r e p o r t e d  and t h e  p o s i t i v e  s i g p  used when 

and on ly  when t h e  neasu red  p o t e n t i a l  i s  p o s i t i v e  w i t h  r e s p e c t  

t o  t h e  r e f e r e n c e .  The nomogram and t h e  fo l l owing  t e x t  i s  i n  

acco rd  w i t h  t h i s  s u g g e s t i o n .  
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Most o f  t h e  e l e c t r o d e s  i n  common use  are  c l u s t e r e d  w i t h i n  

a narrow range  of 1 0 0  mV. T h e i r  r e l a t i o n s h i p  has  been d i s c u s s e d  

on p::evious pages and f u r t h e r  a m p l i f i e d  i n  t h e  paragraph  immed- 

i a t e l y  above. 

On c e r t a i n  r a r e  occas ions  aluminum, a base  m e t a l ,  may be 

observed co r rod ing  w i t h  r e l e a s e  of hydrogen gas  which bubbles  

through voluminous w h i t e  creamy hydroxide.  A f lame i g n i t e s  t h e  

gas  showing it t o  be hydrogen. S i m i l a r  c o r r o s i o n  has  n o t  been 

r e p o r t e d  f o r  i r o n .  I f  t h e  underground c o r r o s i o n  of i r o n  i s  

s u b s t a n t i a l l y  t h a t  p o r t r a y e d  i n  F i g u r e  4 and t h e  a n o l y t e  i n  t h e  

p i t  i s  s a t u r a t e d  w i th  f e r r o u s  c h l o r i d e ,  t h e n ,  i n  t h e  absence of 

oxygen, e v o l u t i o n  of hydrogen and c o r r o s i o n  cannot  c o n t i n u e  if 

t h e  pH i s  g r e a t e r  t h a n  7 or  8 ,  as i s  e v i d e n t  i n  t h e  nomogram. 

The argument i s  more a p p a r e n t  i f  w e  c o n s i d e r  a p i t  i n  t h e  meta l  

b e n e a t h  a c r ack  i n  a c o n c r e t e  c o a t i n g ,  t h e  pH of which i s  t h a t  

of a s a t u r a t e d  l i m e  s o l u t i o n ,  i . e . ,  pH = 12.45. Taking t h e  

p o t e n t i a l s  from t h e  nomogram and fo l lowing  t h e  r u l e  
+ 
++ 

B a s e :  H 2  = 2H (Ca(OH)2) + 2e- E = -736.5mV (Eq .  1 6 )  

Noble: F e  = Fe ( F e C 1 , * 4 H , O )  + 2e- E = - 4 1 4 . 5  
++ + H 2  + Fe = Fe + 2 H  E = -322.0 

Thus, t h e  r e a c t i o n  t ends  t o  proceed from l e f t  t o  r i g h t  so  t h a t  

c o r r o s i o n  of i r o n  cannot  occu r .  Ins tea? . ,  i r o n  w i l l  t e n d  t o  

p l a t e  o u t  under a p o t e n t i a l  of about  o n e- t h i r d  of a v o l t .  Using 

any one of t h e  oxygen p o t e n t i a l s  w i t h  t h e  s a m e  i r o n  p o t e n t i a l  

would show t h a t  c o r r o s i o n  would c e r t a i n l y  proceed.  

S i n c e ,  i n  f a c t ,  c o r r o s i o n  does occu r  under t h e  c o n d i t i o n s  

s ta ted ,  e i t h e r  ( a )  t h e r e  i s  some mechanism f o r  t h e  l i b e r a t i o n  

1 2 2  



of hydrogen on an  i r o n  s u r f a c e  n o t  unders tood ,  o r  ( b )  t h e  energy 

f o r  t h e  o x i d a t i o n  of  i r o n  i s  d e r i v e d  f r o m  t h e  r e d u c t i o n  of oxy- 

gen. There  i s  abundant  expe r imen ta l  ev idence  fo r  t h e  second 

a l t e r n a t i v e .  

Unfo r tuna t e ly ,  many of t h e  computed p o t e n t i a l s  l i s t e d  i n  

t h e  nomogram are d i f f i c u l t  t o  conf i rm i n  t h e  f i e i d .  The causes  

of t h e s e  d i f f i c u l t i e s  r e s u l t  f r o m  i r r e v e r s i b i l i t y  of t h e  ''oxygen 

- 

e l e c t r o d e "  and t h e  s t i l l  mys t e r ious  meta l  ox ide  f i l m s  and o t h e r  

e f f e c t s .  N e v e r t h e l e s s ,  many of t h e s e  p o t e n t i a l s  have been ob- 

s e r v e d ,  i n c l u d i n g  t h e  r e f e r e n c e  ce l l s ,  t h e  i r o n- f e r r o u s  c h l o r i d e  

e q u i l i b r i u m  p o t e n t i a l ,  and i n  g e n e r a l  a l l  of  t h e  hydrogen poten-  

t i a l s  when hydrogen i s  evolved d u r i n g  c a t h o d i c  p r o t e c t i o n .  The 

p o t e n t i a l s  c o r r e l a t e  w i th  t h e  pH a t  t h e  metal s u r f a c e .  

11. Measurements on P i p e l i n e s  Under Cathodic  P r o t e c t i o n  

P r o p e r t i e s  of a p i p e l i n e  under c a t h o d i c  p r o t e c t i o n  open t o  

measurement by t h e  c o r r o s i o n  eng inee r  i n c l u d e  ( a )  t h e  e l ec t r i c  

p o t e n t i a l  of  t h e  p i p e ,  ( b )  t h e  t r a n s a x i a l  and r a d i a l  c u r r e n t  

f low between p i p e  and s o i l ,  (c )  the c u r r e n t  f low i n  t h e  p i p e  

i t s e l f ,  and ( d )  the  very  p r a c t i c a l  measure of t h e  r e d u c t i o n  i n  

r a t e  of leaks w i t h  t i m e .  These are d i s c - x s e d  f u r t h e r  below. 

a. P i p e  P o t e n t i a l  

The p i p e  p o t e n t i a l  l e n d s  i t s e l f  t o  a v a r i e t y  of measure- 
- 

ments,  many of which a r e  r e l a t e d  t o  s p e c i f i c  p r o p e r t i e s  of t h e  

system. I n  i t s  most general .  a p p l i c a t i o n  t o  b u r i e d  p i p e l i n e s ,  

t h e  r e f e r e n c e  e l e c t r o d e  i s  p o s i t i o n e d  on t h e  ground s u r f a c e  i n  

t h e  v e r t i c a l  p l a n e  t h r m g h  t h e  p i p e ' s  h o r i z o n t a l  a x i s .  Th i s  i s  

t h e  p o i n t  on t h e  e a r t h ' s  s u r f a c e  c losest  t o  t h e  p i p e l i n e .  
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The p o t e n t i a l  Eh i s  d e f i n e d  as t h e  n a t u r a l  o r  base poten-  

t i a l  i n  t h e  absence  of c a t h o d i c  p r o t e c t i o n .  I t  i s  s t a b l e  and 

i n v a r i a n t  w i t h  r e s p e c t  t o  t h e  r e f e r e n c e  e l e c t r o d e  a l t hough  t h e  

p o t e n t i a l  w i l l  move s lowly  i n  t h e  more nob le  d i r e c t i o n  w i t h  

t i m e .  The i n t e r a c t i o n  of t h e  p i p e  w i th  t h e  r e f e r e n c e  electrode 

s u p p l i e s  t h e  energy t o  o p e r a t e  t h e  measuring in s t rumen t .  For 
.d 

example, t h e  r e a c t i o n  

Fe + Cu++ = F e  ++ + Cu 
(Eq. 1 7 )  

i n d i c a t e s  t h a t  a q u a n t i t y  of  i r o n  co r rodes  t o  g i v e  up a stream 

of e l e c t r o d e s  which p a s s  through t h e  i n s t rumen t  and p l a t e  o u t  

c u p r i c  i o n s  on t h e  copper e l e c t r o d e  of t h e  r e f e r e n c e  ce l l .  Th i s  

t r i v i a l  example can be extended t o  t h e  n a t u r a l  p o t e n t i a l  which 

may be a r e s u l t a n t  of p o t e n t i a l s  of t w o  i n t e r c o n n e c t e d  coup le s  

r e a c t i n g  n a t u r a l l y  underground. 

If t h e  p i p e l i n e  i s  coated and under c a t h o d i c  p r o t e c t i o n ,  

s e v e r a l  new f a c t o r s  become involved .  

through (1) t h e  coa t ing :  ( 2 )  t h e  c o a t i n g- s o i l  i n t e r f a c e ,  a t t r i -  

b u t a b l e  i n  t h e  absence of t o t a l  submergence t o  i m p e r f e c t  c o n t a c t  

between p i p e  and s o i l :  and ( 3 )  t h e  s o i l  between t h e  c o a t e d  p i p e  

s u r f a c e  and t h e  l o c a t i o n  of t h e  r e f e r e n c e  electrode. An addi-  

These i n c l u d e  I R  d rops  

t i o n a l  p o t e n t i a l  drop i s  due t o  t h e  p 9 l z r i z a t i o n  neces sa ry  t o  

d r i v e  t h e  fo rmat ion  of new c h e m i c a l  s p e c i e s  a t  t h e  p i p e  s u r f a c e .  

Thus, summarizing, t h e  p o t e n t i a l  measured a t  h e i g h t  h ove r  t h e  

p i p e  i s  

- 

Eh = E + AEc + AEs IEq. 18) 

i s  t h e  new or  p o l a r i z e d  p o t e n t i a l ,  AEc i s  t h e  p o t e n t i a l .  
P 

where E 

d i f f e r e n c e  between t h e  p i p e  s u r f a c e  and t h e  c o a t i n g  e x t e r i o r  
P 
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( I R  d rop)  combined, and AEs i s  t h e  I R  d rop  th rough  t h e  s o i l .  

F o r t u n a t e l y ,  t h e  t h r e e  p o t e n t i a l s  on t h e  r i g h t  o f  Equa- 

t i o n  1 8  can b e  determined wi th  s u f f i c i e n t  accuracy  f o r  p r a c t i c a l  

purposes .  The p o t e n t i a l  inc rement  AE may be  measured i n  two 

ways which have i n  g e n e r a l  been found t o  a g r e e  w e l l .  One i s  by 

d i r e c t  measurement w i th  an a u x i l i a r y  probe e l e c t r o d e  a t  t h e  

p i p e  s u r f a c e .  This  increment  i s  o b t a i n e d  by i n t e r r u p t i o n  of 

t h e  e n e r g i z i n g  c i r c u i t  which e l i m i n a t e s  t h e  r e s i d u a l  I R  d rop  

a t t r i b u t a b l e  t o  n a t u r a l  s o i l  c u r r e n t s  o r  p o l a r i z a t i o n .  The 

second method i s  t o  measure t h e  I R  d rop  wi th  two e l e c t r o d e s  

p l a c e d  a long  t h e  e a r t h ' s  s u r f a c e  i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  

t h e  v e r t i c a l  p l a n e  through t h e  p i p e ' s  a x i s  a t  a p o i n t  x.  The 

span x-h i s  f i x e d  by t h e  geometry e x i s t i n g  such t h a t  t h e  poten-  

t i a l  between x and h measures t h e  increment  AEs. 

AEc, may s i m i l a r l y  be  e s t i m a t e d  by measuring t h e  d i f f e r e n c e  

between t h e  probe e l e c t r o d e  and t h e  p ipe  w i th  and wi thou t  t h e  

c i r c u i t  ene rg i zed .  

s -  

The p o t e n t i a l ,  

I f  t h e  c a t h o d i c  p r o t e c t i o n  c i r c u i t  i s  opened,  t h e r e  

r e s u l t s  t h e  p o t e n t i a l  E which i s  r ea sonab ly  independent  of 

t h e  e l e c t r o d e  l o c a t i o n  and q u i t e  r e p r o d u c i b l e .  I t  nay under 

s o m e  c i rcumstance  be remarkably s t a b l e .  However, w i t h  t h e  

c i r c u i t  open,  t h e  p o t e n t i a l  may move s lowly  i n  t h e  noble  d i r e c -  

t i o n ;  i . e . ,  t h e  p i p e  w i l l  d e p o l a r i z e .  

P 

Rewr i t ing  t h e  e q u a t i o n  

Eh ( p i p e  p o t e n t i a l )  = E ( p o l a r i z a t i o n  p o t e n t i a l )  
P 

+ AEch ( t o t a l  I R  6 rop )  (Eq .  1 9 )  

The e a s i l y  measured p o l a r i z a t i o n  p o t e n t i a l  i s  of g r e a t  importance 
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i n  connec t ion  w i t h  F igu re  4 and t h e  nomogram, F i g u r e  7 .  The 

t o t a l  I R  d rop  th rough  t h e  s o i l  i s  used t o  estimate t h e  c u r r e n t  

den:,ity w i t h  t h e  a i d  of t h e  s o i l  r e s i s t i v i t y  a t  the  p o i n t  of 

t e s t .  T h e  I R  d rop  through t h e  c o a t i n g ,  t o g e t h e r  w i t h  c u r r e n t  

d e n s i t y ,  y i e l d s  t h e  c o a t i n g  conductance.  Thus, i f  f o r  example, 

t o o  much c u r r e n t  has  been a p p l i e d  t o  t h e  p i p e  a t  t h e  p o i n t  of 

d r a i n a g e ,  t h e n  it may be expec ted  t h a t  t h e  c o a t i n g  i s  d i s i n t e -  

g r a t e d  and t h e  conductance s e r v e s  as a measure t o  compare t h e  

c o a t i n g  conductance w i t h  t h e  c u r r e n t  d e n s i t y  elsewhere a long  

t h e  p i p e l i n e .  

b .  C u r r e n t  Flow Between P ipe  and S o i l  

The d e n s i t y  of c u r r e n t  e n t e r i n g  t h e  p i p e  f r o m  t h e  s o i l  

i n  t h e  t r a n s a x i a l  p l a n e  can be measured i n  three ways: (1) by 

measurement of t r a n s a x i a l  g r a d i e n t  as exp la ined  above, ( 2 )  by 

d e t e r m i n a t i o n  of v o l t a g e  and c u r r e n t  a t t e n u a t i o n  a long  a p i p e ,  

and ( 3 )  by use  of t h e  McCollum e a r t h  c u r r e n t  m e t e r .  Methods 

1 and 2 are l i m i t e d  t o  b a r e  or  poo r ly  coated p i p e l i n e s .  Method 

1 i s  i n a p p l i c a b l e  t o  m u l t i p l e  p a r a l l e l  p i p e l i n e s .  A t t e n u a t i o n  

theo ry  leads t o  average  v a l u e s  ove r  l a r g e  l e n g t h s  of p ipe .  An 

excava t ion  i s  r e q u i r e d  fo r  t h e  ea r th  c u r r e n t  meter which can 

t h e n  be used  t o  e x p l o r e  t h e  r a d i a l  c u r r e n t  d e n s i t i e s  as a t  

t h e  hours  on t h e  f a c e  of t h e  clock. The method i s  a p p l i c a b l e  

in streets  conges ted  w i t h  p i p e l i n e s  where o t h e r  methods may be 

i m p r a c t i c a b l e .  

c. Cur ren t  F l o w  i n  P ipe  

The c u r r e n t  f lowing i n  t h e  p i p e l i n e  i s  e a s i l y  measured. 

c 
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I t  i s  a t t e n t u a t e d  i n  e x c e l l e n t  conformi ty  w i t h  t heo ry  under  a 

v a r i e t y  of  boundary c o n d i t i o n s  i n c l u d i n g  p i p e l i n e s  which termin-  

a t e  a t  w e l l s  w i t h  nea r  z e r o  r e s i s t a n c e  o r  a t  i s o l a t i n g  f l a n g e s  

w i t h  near  i n f i n i t e  r e s i s t a n c e  and any i n t e r m e d i a t e  t e r m i n a l  

boundary c o n d i t i o n .  

d. Cumulative Leaks 

A p l o t  of cumula t ive  l e a k s  a t t r i b u t a b l e  t o  c o r r o s i o n  

v e r s u s  t i m e  may be used f o r  c o r r o s i o n  c o n t r o l .  A p l o t  o f  l e a k s  

on an  area c h a r t  can  be  used t o  i n d i c a t e  where c a t h o d i c  p ro t ec-  

t i o n  has  been e f f e c t i v e  i n  d i s t r i b u t i o n  systems.  

12 .  P r o t e c t i o n  C r i t e r i a  Repor ted by Companies Surveyed 

Cathodic  p r o t e c t i o n  c r i t e r i a  u t i l i z e d  by t h e  companies s u r-  

veyed are  summarized i n  Tables  3 3  and 34. 

TABLE 33  

VOLTAGE VALUES AT WHICH THE COMPANIES CONSIDER 
PROTECTION HAS BEEN ACHIEVED 

C r i t e r i o n  Used P r o t e c t e d  Vol tage  o r  De l t a  E S h i f t  ( V o l t s )  
f o r  B a r e  P ipe  0 .1-  0.31- 0.51-  0.86-  Over 

0.85 0.30 0.10 0 . 3  0.5 0 . 8 4  1.0  1 V o l t  

P ipe  P o t e n t i a l  1 0 4 *  3 3 1 4 29  4 0 

Vol tage  S h i f t  1 1 1 4  20 3 5  4 0 4 0 

P o l a r i z a t i o n  
Vol tage  S h i f t  6 7 43  1 6  0 0 0 0 
C r i t e r i o n  Used P r o t e c t e d  V o l t a s e  o r  D e l t a  E S h i f t  ( V o l t s )  
f o r  Coated P ipe  0:l- 0.31-  0.51-  0.86-  Over 

0.85 0 . 3 0  0.10 0.3 0 . 5  13.84 1.0 1 V o l t  

P ipe  P o t e n t i a l  2 6 8  5 4 0 1 6 2 8  3 

Vol tage  S h i f t  5 1 0 6  3 1 5  1 3  A 0 0 

P o l a r i z a t i o n  
V o l t a s e  S h i f t  0 1 2  4 2  1 2  2 2 1 0 

*Number of compmies  

1 2 7  
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TABLE 34 

OTHER CATHODIC PROTECTION C R I T E R I A  USED BY THE COIWANIES 

C r i t e r i a  N u m b e r  of Companies 

Cur ren t  Loss and Gain on t h e  S t r u c t u r e  34 

C u r r e n t  Trac ing  i n  t h e  E l e c t r o l y t e  
P e r p e n d i c u l a r  t o  t h e  P i p e l i n e  13 

P o l a r i z a t i o n  P o t e n t i a l  6 

S m a l l  I n t e r v a l  o r  Continuous P ipe  
P o t e n t i a l  Surveys 

Other  

11 

i a  

c 

The c a t h o d i c  p r o t e c t i o n  c r i te r ia  l i s t e d  under  " Othe r"  i n  

Table  34 i n c l u d e d  pH measurement, d e c r e a s e  i n  l e a k  rate, co r ro-  

s i o n  coupons, cor rosometer  p robes ,  a n a l y s i s  of ca l ca reous  de- 

p o s i t  i n  p i t s ,  r u s t y  i r o n  r e f e r e n c e  e l e c t r o d e s ,  c o r r e l a t i o n  w i t h  

s o i l  r e s i s t i v i t y ,  etc. Most of t h e  companies surveyed used sev-  

eral  c r i t e r i a  t o  de te rmine  i f  t h e  p i p i n g  i s  p r o t e c t e d .  Table  35 

shows where t h e  companies normal ly  p l aced  t h e i r  r e f e r e n c e  elec- 

t r o d e  when de te rmin ing  i f  t h e  c r i t e r i a  of c a t h o d i c  p r o t e c t i o n  

has  been achieved .  

TABLE 35 

NORMAL PLACEMENT OF REFERENCE ELECTRODE 
Number of Companies 

E l e c t r o d e  P o s i t i o n  Bare Coated - 
O n  S u r f a c e  Over P i p e  

R e m o t e  from P i p e  

Immediately A6-j a c e n t  t o  P ipe  

Other  

202 

50 

34 

6 

29 2 

52 

57 

14 
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13. D i scus s ion  of Ca thodic  P r o t e c t i o n  C r i t e r i a  

a. Fixed P ipe  P o t e n t i a l  

The p i p e  p o t e n t i a l  ( c i r c u i t  e n e r g i z e d )  i s  t h e  s i m p l e s t  

measure used t o  gage t h e  e f f e c t i v e n e s s  of c a t h o d i c  p r o t e c t i o n .  

The g e n e r a l l y  used v a l u e  i s  0 .850  v o l t  t o  t h e  copper  s u l f a t e  

e l e c t r o d e .  I t  i s ,  acco rd ing  t o  t h e  convent ion  s t a t e d  e a r l i e r ,  

n e g a t i v e  w i t h  r e s p e c t  t o  t h e  r e f e r e n c e .  The c r i t e r i o n  i s  a 

minimum i n  t h a t  t h e  p i p e  p o t e n t i a l  everywhere i s  numer i ca l l y  

e q u a l  t o  or  g r e a t e r  t h a n  t h e  s e l e c t e d  v a l u e  (commonly 0 .85  V). 

I ts  widespread u s e  a t t e s t s  t o  i t s  p o p u l a r i t y  and s u c c e s s  i n  t h e  

f i e l d .  

and s t o r i n g  p e r i o d i c  r e a d i n g s .  The magnitude of such e f f o r t  

may be env i s ioned  on a 350-mile l ong ,  w e l l  coa t ed  p i p e l i n e  w i t h  

t e s t  s t a t i o n s  a t  m i l e  i n t e r v a l s .  The c r i t e r i o n  i s  independent  

of s e q u e n t i a l l y  a d j a c e n t  c a t h o d i c  p r o t e c t i o n  u n i t s  on t h e  same 

p i p e l i n e .  

F u r t h e r  advantages  i n c l u d e  t h e  l o w  c o s t  o f  c o l l e c t i n g  

A d i s advan tage  i s  t h a t  a f i x e d  p i p e  p o t e n t i a l  c r i t e r i o n  

c o n t a i n s  acknowledged b u t  unknown I R  d rops  through s o i l  and c o a t-  

i n g ,  as d i s c u s s e d  p r e v i o u s l y .  These might w e l l  p e r m i t  i n s u f f i -  

c i e n t  c u r r e n t  f o r  p r o t e c t i o n .  A s e r i o u s  b reak  i n  an o t h e r w i s e  

p e r f e c t  c o a t i n g  remote from t h e  p o i n t  of t e s t  cou ld  w e l l  r e f l e c t  

an  appa ren t  s a t i s f a c t o r y  p o t e n t i a l ,  a l a r g e  component of which 

i s ,  i n  f a c t ,  an  I R  drop i n  t h e  s o i l .  T o  avo id  I R  d rops  i n  t h e  

s o i l ,  some o b s e r v e r s  iise an  e l e c t r o d e  a t  t h e  p i p e  s u r f a c e .  

e l e c t r o d e  can be p l aced  there  upon excava t ion .  

t r o d e s  can  be f o r c e d  t o  t h e  p i p e  s u r f a c e .  Permanent d i r e c t  

b u r i a l  e l e c t r o d e s  can b e  l a i d  on t h e  p i p e  upon c g n s t r u c t i o n  

- 

The 

Probe t y p e  elec- 
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a s  a component of t h e  tes t  s t a t i o n .  

Another shortcoming i n  a f i x e d  p i p e  p o t e n t i a l  c r i t e r ion  

i s  t h a t  t h e r e  i s  no p r o v i s i o n  f o r  t a k i n g  account  of  unusua l  con- 

d i t i o n s .  For example, p o t e n t i a l  r e a d i n g s  can va ry  w i t h  t h e  t e m-  

p e r a t u r e  of t h e  r e f e r e n c e  e l e c t r o d e .  A l s o ,  r e a c t i o n  p o t e n t i a l s  

may va ry  wi th  t h e  tempera ture  of  p r o t e c t e d  s t r u c t u r e s  such as 

h o t  o i l  l i n e s ,  h o t  f u e l  o i l  t ank  bot toms,  etc. Accordingly,  

unusua l  c o n d i t i o n s  which may be p r e s e n t  should  be t aken  i n t o  

account  i n  u t i l i z i n g  a f i x e d  p i p e  p o t e n t i a l  p r o t e c t i o n  c r i t e r i o n .  

b. P o l a r i z a t i o n  P o t e n t i a l  

The r equ i remen t s  t o  a r r e s t  c o r r o s i o n  i n  t h e  t y p i c a l  case 

a s  d e p i c t e d  i n  F igure  4 may be examined b e f o r e  d e s c r i b i n g  o t h e r  

s imple  p o t e n t i a l  c r i t e r ia .  One p o s s i b i l i t y  would be t o  r e v e r s e  

t h e  c u r r e n t  f low from t h e  p i t .  I t  would be h e l p f u l  toward t h i s  

end t o  e l i m i n a t e  oxygen a s  a c o n t r i b u t o r  t o  t h e  c e l l ' s  o v e r a l l  

p o t e n t i a l .  T h i s  could  be done by supply ing  s u f f i c i e n t  e l e c t r o n s  

t o  t h e  p i p e  s u r f a c e  t o  t a x  t h e  incoming oxygen 's  a b i l i t y  t o  re- 

a c t  w i t h  t h e  s u r f a c e  l a y e r  of monatomic hydrogen -- i n  s h o r t ,  

t o  r e n d e r  t h e  p i p e  s u r f a c e  n e g a t i v e .  On new p i p e  a p o t e n t i a l  

j u s t  s u f f i c i e n t  t o  r e p e l  t h e  c h l o r i d e  o r  s u l f a t e  i o n s  would pre-  

v e n t  t h e  development of a c o r r o s i o n  ce l l .  

A c r i t e r i o p .  advanced by Brown and Mears s t a t e s  t h a t  

c a t h o d i c  p r o t e c t i o n  of a me ta l  w i l l  be achieved  a t  any i n s t a n t  

i f  t h e  ca thode  i n  a c o r r o s i o n  cel l  i s  brought  t o  t h e  p o t e n t i a l  

of t h e  most anod ic  p o t e n t i a l  e x i s t i n g  on t h e  m e t a l  a t  t h a t  in-  

s t a n t .  T h i s  c o n d i t i o n ,  p l u s  t h e  expe r imen ta l  f a c t  t h a t  t h e  i r o n  

i n  t h e  co r rod ing  p i t  a s  ear l ier  d i s c u s s e d  i s  i n  e q u i l i b r i u m  w i t h  
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i t s  s a t u r a t e d  s a l t ,  l e a d s  t o  a promising t h e o r e t i c a l l y  based 

c r i t e r i o n .  To ach i eve  c a t h o d i c  p r o t e c t i o n ,  t h e n ,  it would b e  

n e c e s s a r y ,  a cco rd ing  t o  t h e  nomogram, on ly  t o  b r i n g  t h e  ca thode  

t o  a p o t e n t i a l  of  712.6  or  7 6 6 . 1  mV depending upon t h e  chemis t ry  

of t h e  e l e c t r o l y t e  i .e . ,  if t h e  predominant  s a l t  i s ,  r e spec -  

. t i v e l y ,  f e r r o u s  c h l o r i d e  o r  f e r r o u s  s u l f a t e .  I f  t h e  ca thode  

i s  b rough t  t o  e i t h e r  of  t h e s e  v a l u e s ,  it shou ld  a s s u r e  t h a t  a t  

l e a s t  t h e  d e p o l a r i z i n g  e f f e c t  of oxygen has  been overcome. 

The o b j e c t i v e  p o t e n t i a l  i s  t h e  p o l a r i z a t i o n  p o t e n t i a l  

of t h e  ca thode .  I t  should  be  measured by e l i m i n a t i n g  a l l  t h e  

I R  d rops  i n  t h e  c a t h o l y t e  as p r e v i o u s l y  d i s c u s s e d .  I t  could  

b e  m o s t  s imply and c l o s e l y  approximated by r e a d i n g  t h e  p i p e  

p o t e n t i a l  immediately upon i n t e r r u p t i o n  of t h e  a p p l i e d  c u r r e n t .  

c. D e p o l a r i z a t i o n  Increment  

Condi t ions  i n  t h e  f i e l d  a r e  e x t r a o r d i n a r i l y  v a r i e d .  

Accordingly ,  s p e c i a l  measures o r  t e chn iques  have appeared a s  

c r i t e r i a  f o r  c a t h o d i c  p r o t e c t i o n .  Among these i s  a d e p o l a r i z a-  

t i o n  increment  o f  p o t e n t i a l  of a t  l e a s t  1 0 0  m i l l i v o l t s  measured 

from t h e  i n s t a n t a n e o u s  open c i r c u i t  p o t e n t i a l  ( t h e  p o l a r i z a t i o n  

p o t e n t i a l )  t o  t h e  p o t e n t i a l  a t  some u n s p e c i f i e d  l a t e r  t i m e .  

A d i s advan tage  of t h e  c r i t e r i o n  i s  t h a t  t h e r e  i s  no appa ren t  

t e c h n i c a l  b a s i s  f o r  it o the r  t h a n  expe r i ence .  F u r t h e r ,  under 

some c i r cums tances ,  i n c l u d i n g  h igh  c u r r e n t  d e n s i t i e s ,  t h e  de- 

p o l a r i z a t i o n  e s s e n t i a l l y  van i shes .  

- 

d. The  E-log I Curve 

The c r i t i c a l  p o t e n t i a l  represent i :?g t h e  c r i t e r i o n  f o r  

p r o t e c t i o n  i s  r e a d  a t  t h e  i n t e r s e c t i o n  of t h e  e x t r a p o l a t e d  l i n e a r  
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p o r t i o n s  of t h e  curves  o b t a i n e d  f o r  a series of  a s s o c i a t e d  v a l u e s  

of E and I when p l o t t e d  on semi loga r i thmic  c o o r d i n a t e s  ( F i g u r e s  

2 ar.d 3 and Equat ion  6 ) .  However, a l i n e a r  connec t ion  between 

t h e  v a r i a b l e s ,  c o n s i d e r i n g  t h e  f a u l t s  of measurement, cou ld  be 

i n t e r p r e t e d  on t h e  l o g a r i t h m i c  p l o t  as d i s t i n c t  l i n e a r  cu rves  

having t h e  sough t  i n t e r s e c t i o n  upon e x t r a p o l a t i o n .  A change i n  

r e a c t i o n  a t  t h e  me ta l  s u r f a c e  may cause a p r o p o r t i o n a t e  change 

i n  E a s  t h e  c u r r e n t  i s  i n c r e a s e d .  For example, when i r o n  be- 

comes s a t u r a t e d  w i t h  monotomic hydrogen and molecular  hydrogen 

beg ins  t o  form, a p r o p o r t i o n a t e  change i n  E r e s u l t s  a s  t h e  

c u r r e n t  i s  f u r t h e r  i n c r e a s e d .  Other  such changes could  come 

about  when s u f f i c i e n t  hydrogen i s  formed t o  r e a c t  w i t h  a v a i l -  

a b l e  oxygen o r  when t h e  anode of a c o r r o s i o n  ce l l  becomes a 

ca thode .  The method, t h u s ,  has  c o n s i d e r a b l e  m e r i t  bo th  as  a 

d e s i g n  and a p r o t e c t i o n  c r i t e r i o n .  

Disadvantages  i n c l u d e  l o c a t i n g  anodic  p o i n t s  on t h e  

s y s t e m  t o  be t e s t e d .  T h e  most d e s i r a b l e  p o i n t  t o  test would 

be the  most anodic  p o i n t  i f  it could  be found. T o  base pro-  

t e c t i o n  on measurements a t  a c a t h o d i c  p o i n t  would l e a d  t o  f a i l -  

u r e  o r  a f o r c e d  e v a l u a t i o n  of a p u r e l y  l o g a r i t h m i c  curve .  Fur-  

ther f o r  r easons  of i n s t r u m e n t a t i o n ,  o n l y  a s i n g l e  p o i n t  i n  a 

system can be t e s t e d  a t  a t i m e  because once t e s t e d  t h e  system 

i s  so  p o l a r i z e d  t h a t  a r e p e a t e d  test  would n o t  d u p l i c a t e  the 
- 

o r i g i n a l  test.  Thus an  E-log I t e s t  on a c a t 5 o d i c a l l y  p r o t e c t e d  

pipe1iT.e wocld n o t  be c o n c l u s i v e  because  there would be no change 
I 

i n  chemical  r e a c t i o n  a t  t h e  m e t a l  s u r f a c e  a l r e a d y  ca th .od ica l ly  

p o l a r i z e d .  However, on a long  p i p e l i n e  t h e  me"3od can be 
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modif ied  advantageous ly  i n  such a way t h a t  t h e  p o i n t  a t  which 

f u r t h e r  i n c r e a s e  i n  c u r r e n t  would n o t  b e  p r o f i t a b l e  (no i n c r e a s e d  

p o l a r i z a t i o n )  can b e  determined by p l o t t i n g  t h e  d r i v i n g  v o l t a g e  

( c u r r e n t  d e n s i t y )  a g a i n s t  t h e  p o l a r i z a t i o n .  Appl ied i n  t h i s  

manner t h e  method becomes a d e s i g n  c r i t e r i o n  and can be  exceed- 

* i n g l y  u s e f u l .  

e. Rad ia l  E a r t h  C u r r e n t  

If i n  an  excava t ion  it i s  de te rmined  by t e s t  t h a t  a 

p i p e  is  r e c e i v i n g  c u r r e n t  th rough  t h e  s o i l  a long  every  r a d i u s ,  

t hen  it is  a s s u r e d  t h a t  t h e  p i p e  i s  p r o t e c t e d  a t  t h a t  p a r t i c -  

u l a r  l o c a t i o n .  L i k e  t h e  E-log I method, however, t h e  d e t e r -  

mina t ion  i s  l i m i t e d  t o  t h e  p o i n t  of t e s t .  I t  has  a g r e a t  

advantage i n  t h a t  it can b e  used under c o n d i t i o n s  of crowded 

p i p e l i n e s .  F u r t h e r  de t e rmina t ions  a r e  p r e c i s e  f o r  each r a d i u s  

and any marked v a r i a t i o n s  i n  c u r r e n t  s t r e n g t h  about  t h e  c i r-  

cumference w i l l  be e v i d e n t  and can p o s s i b l y  be  c o r r e l a t e d  w i th  

ne ighbor ing  s t r u c t u r e s .  I t  i s ,  t h e r e f o r e ,  e s p e c i a l l y  u s e f u l  

i n  c a t h o d i c  i n t e r f e r e n c e  problems. A d i s advan tage  i s  t h e  h igh  

cost  of excava t ion .  

f .  P ipe  P o t e n t i a l  P r o b a b i l i t y  Curve 

A s t a t i s t i c a l  method has  been developed t o  e s t a b l i s h  a 

c r i t e r i o n  of p r o t e c t i o n ,  unique f o r  t h e  sys tem under t es t .  The 

method has  been a p p l i e d  t o  copper  p i p i n g  under ground,  b u t  i t s  
- 

u s e f u l n e s s  w i th  s t e e l  i s  impai red  because  of t h e  redox p o t e n t i a l  

e x i s t i n g  i n  t h e  c o r r o s i o n  p roduc t  mant le  bptween p i p e  and s o i l .  

The methcd h a s  n o t  been p u b l i s h e d  and w i l l ,  t l z e re fo re ,  x o t  be  

f u r t h e r  e l a b o r a t e d  h e r e .  
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g. Summary 

I t  has probably  become a p p a r e n t  t h a t  there i s  no one. 

c r i t e r i o n  for  c a t h o d i c  p r o t e c t i o n  t h a t  w i l l  be a p p l i c a b l e  under  

a l l  c o n d i t i o n s .  On t h e  o t h e r  hand, t h e  c r i t e r i a  mentioned a b o v r ,  

plus s e v e r a l  o t h e r  s t a n d a r d s  and methods n o t  mentioned,  can  be  

q u i t e  s a t i s f a c t o r y  when a p p l i e d  w i t h i n  t h e  c o n s t r a i n t s  govern ing  

t h e i r  use. Often  a combinat ion of c r i t e r i a  i s  n e c e s s a r y  t o  pro-  

p e r l y  e v a l u t e  t h e  e f f e c t i v e n e s s  of c a t h o d i c  p r o t e c t i o n  of a par-  

t i c u l a r  s t r u c t u r e  o r  system. 

* 
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